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Abstract 
 
Secondary ion mass spectrometry (SIMS) is a well-known surface analysis technique with 
numerous applications in materials science. In recent years various types of primary ion 
beams have emerged to improve SIMS for analysing polymers, organic semiconductors 
and biological materials. keV cluster ions have given an improvement in producing higher 
secondary ion yields, reduced topography and reduced interface mixing while MeV SIMS 
has proven to be better in certain cases especially at desorbing higher mass molecules and 
has the ability to perform measurements at ambient pressure. This has generally driven the 
study to understand the interaction between keV cluster ions and MeV ions with insulating 
materials from both a modelling and an experimental perspective.  
A simple Monte Carlo model describing the desorption of a molecular solid under keV 
cluster and MeV ion bombardment is described. The model employs a conical ejection 
pattern, which has been suggested to be applicable for keV cluster and MeV ions impinging 
on molecular solids. The conical ejection region is combined with a cylindrical 
fragmentation region to predict the sputtering behaviour of molecular materials. Molecular 
dynamics simulations are used to back up this model. The model provides information 
about surface roughness induced by the process as well as the fragmentation build up 
during a prolonged sputtering process. This model is expanded to multi-layered systems 
and has produced some insight on the depth resolution of the analysis. Comparison studies 
between the model and experiments are also presented with polymer films analysed by a 
10keV C60
+ time-of-flight (TOF) SIMS. These results are found to compare favourably 
with each other. 
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1. Introduction 
 
 
Elemental, isotopic or molecular composition data and detailed chemical structure 
information of materials and surface sciences are increasingly important for many science 
applications such as in the biological, forensic and electronic fields.  Over the last 60 years, 
the available analytical methods have been progressively enhanced and today analytical 
demands are towards very high elemental and molecular sensitivities down to parts-per-
million (p.p.m) and parts-per-billion (p.p.b) levels. In addition the requirements for top 
surface and depth profiling analysis are also growing. Therefore, although there are many 
well developed available techniques, the demands for higher sensitivity with good mass 
and spatial resolution are still increasing. 
 
This project is inspired by a new variant of secondary ion mass spectrometry (SIMS) which 
aims to provide high spatial resolution molecular concentration mapping of organic 
materials in ambient conditions. The project will investigate the behaviour of multi-layered 
molecular materials under irradiation by keV cluster ions from both modelling and 
experimental perspective. MeV SIMS modelling is also explored for future comparison 
with the new ambient MeV SIMS facilities at University of Surrey. 
 
As can be easily understood, the term ‘MeV SIMS’ refers to a SIMS technique employing 
high energy MeV particles as the primary ion instead of using particles in the more 
conventional 0.5-50 keV energy range. The initial demonstration of performing high 
energy imaging SIMS experiments came from the group at Kyoto University (1). The first 
imaging experiment using secondary ion emission generated by MeV-energy primary ions 
for bio-molecular samples was performed by this group and demonstrated that the 
experimental results obtained can give insights into the fundamental processes of particle 
emission from bio-molecular samples (2). In particular a high sputtering yield and a 
reduction in ion fragmentation were observed. 
 
As a result this has engendered a study to understand the interaction of keV and MeV ions 
with insulating materials which could revolutionize the existing analytical methods for a 
variety of scientific applications. This section presents an introduction to SIMS and other 
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related techniques such as fast atom bombardment (FAB), matrix-assisted laser 
desorption/ionisation (MALDI) and desorption electrospray ionisation (DESI) to provide 
a background of what is currently achievable. This is followed by a discussion about the 
emergence of MeV SIMS and the potential that this technique may have.  
 
1.1. What is SIMS? 
 
SIMS is a technique in which the surface of a sample is bombarded with a focused primary 
ion beam (of a specific ion type and energy), this leads to the ejection (or sputtering) of 
both neutral and charged species which may include atoms, clusters of atoms, molecules 
and their fragments. The emitted (so-called ‘secondary’) ionized species are detected and 
analysed by a mass spectrometer. It is this process which provides a mass spectrum of a 
surface and enables a detailed chemical analysis of a surface or solid to be performed. 
Figure 1.1 below shows an illustration of what is happening during a SIMS measurement 
(3). 
 
 
Figure 1.1  Schematic diagram of SIMS source region 
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There are a number of variants on the SIMS technique: 
 
In Static SIMS sufficient signal is obtained in order to provide a compositional analysis of 
the top monolayer of a sample. The primary ion dose is kept below 1012 ions/cm2 to ensure 
that every primary ion should (statistically) always hit a fresh area and that the sputtered 
secondary ions are representative of the original surface and not the one that has been 
‘damaged’ by earlier impacts. 
 
In Dynamic SIMS the primary ion dose is not limited and exceeds 1013 ions/cm2 and the 
ion beam is allowed to gradually erode the target material. In this mode elemental and 
isotopic information can be obtained from the mass spectrum as a function of depth as the 
material is stripped away. It is a destructive technique but ideally suited for depth profiling 
applications. This technique can suffer from a number of side-effects and artefacts which 
can cause difficulties in the interpretation of the data. 
 
 
 
Figure 1.2 Schematic illustration of the principles of Static SIMS and Dynamic SIMS. In 
Static SIMS secondary ions are ejected only from the topmost atomic layer and in 
Dynamic SIMS the top few monolayers are removed because of sputtering caused by the 
high dose of primary ions. 
 
Imaging SIMS is similar to static SIMS with images acquired to visualize the distribution 
of individual species on the surface. An image is generated when a focused primary ion 
beam is raster scanned across the sample surface and the secondary ion mass spectra are 
recorded. The composition and distribution of species on the sample surface are then 
determined from the mass spectrum and the images obtained. 
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SIMS is a powerful technique and has tremendous potential in surface analysis with 
applications ranging from surface science to polymer research applications (4) and 
elemental analysis particularly depth profiling and isotope analysis with a variety of 
applications mainly in microelectronics and biology (5). 
 
1.2 Historical Development of Analytical Mass Spectrometry Techniques 
 
The first record of sputtering in the laboratory was made by Grove in 1852 (6) in a glow 
discharge tube when he noticed that material was lost at the Cathode and deposited at the 
Anode of the device. Sir Joseph John Thomson first observed and identified in 1910 the 
emission of positive secondary ions (7). However it was not until 1949 that the first modern 
SIMS instrument was built by Herzog and Viehbock and recorded secondary ion mass 
spectra from metals and oxides (8). Rapid progress began in 1960s where two SIMS 
instrument were developed independently. One was by Liebl and Herzog in ion optical 
design (9) where the first spectrometers were used in a mode of operation known as 
dynamic SIMS. The other was by Castaing and Slodzian who produced prototype ion 
microscope (7). Moreover, in 1967 Liebel introduced his own microprobe (10). This used 
a finely focused ion beam which was raster-scanned over the surface to erode a rectangular 
crater for depth profiling. At the same time, in the 1970s static SIMS was introduced by 
Benninghoven (7). This started an era of surface analysis by SIMS which was then 
followed by many similar mass spectrum analytical techniques such as plasma desorption 
mass spectrometry (PDMS), fast atom bombardment (FAB), matrix-assisted laser 
desorption/ionisation (MALDI) and desorption electrospray ionization (DESI) and many 
more. 
 
Desorption by MeV ion irradiation was first observed in 1974 and was called plasma 
desorption mass spectrometry (PDMS) or sometimes fission fragment ionization (11). 
PDMS is a technique similar to SIMS but the sample is bombarded by fission fragments 
emitted from a Californium isotope 252Cf source. PDMS has been very successful in 
generating molecular ions from very large bio-molecules up to 40 000 mass unit range. 
Work in PDMS however decreased and was switched instead to the development of Matrix 
Assisted Laser Desorption/Ionization (MALDI) which uses a laser sputtering instead of a 
radioactive isotope. However, PDMS can be said to have opened up the idea towards a 
promising analytical method of high energy SIMS which is now being termed MeV SIMS. 
1 Introduction 
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Modifications of SIMS by mixing a liquid matrix with a sample before measurement and 
using a high energy neutral atom instead of charged particles as the probe species has been 
shown to help in generating a higher output signal. This technique is called Fast atom 
Bombardment (FAB). Analysis of volatile materials is well known, however volatile 
materials have always been more difficult. In the early 1980’s FAB work has been used to 
produce a method for analysing in volatile molecules in pharmaceutical products (11). 
 
In the late 1980’s, MALDI was first developed by Franz Hillenkamp and Michael Karas 
(12). It is a soft ionization technique based on the bombardment of a sample with a laser 
beam (normally a nitrogen laser) to allow sample ionisation. The sample is pre-mixed with 
a matrix and this is protecting the sample from being destroyed by direct laser beam and 
enhancing the excitation energy from the sample which leads to sputtering of analyte and 
matrix ions from the surface of the mixture. MALDI manages to overcome the problems 
FAB has in detecting molecules with a mass range up to millions of Daltons rather than 
just less than several thousand Daltons thus enabling analysis of peptides, proteins and 
DNA. Moreover the spectra produce by MALDI are simpler and consist primarily of the 
molecular ion with fewer fragments. However, MALDI imaging can only achieve tens of 
micrometres and is limited by the matrix crystal and laser spot sizes whereas SIMS today 
can achieve a high surface sensitivity and sub micrometre imaging capability without the 
need for a matrix (13). 
 
In 2004, DESI was first described by Professor Graham Cooks (14). In DESI, electrically 
charged droplets are directed to the sample where ions are then generated, collected and 
analysed by a mass spectrometer. DESI is a technique that allows for ambient ionization 
(ions are formed outside the mass spectrometer) of a sample at atmospheric pressure with 
little sample preparation. However a DESI beam is in the order of 0.5-1mm hence imaging 
analysis on the microscopic scale where high spatial resolution is essential and is unlikely 
(15). 
 
Conventional SIMS is not possible for atmospheric measurement because the primary ions 
will travel less than 1um in air. MeV-SIMS however, is being developed to enable analysis 
in air and in this case the high energy primary ions are able to travel several millimetres 
through atmosphere and can be extracted through thin windows of silicon nitride to allow 
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the beam to be transported long distances in vacuum and extracted just in front of the 
sample which can be kept in full atmospheric conditions (16) (17). 
 
1.3. Conventional Secondary Ion Mass Spectrometry  
 
Conventional SIMS, which uses atomic ion beams (typically Ar+, Cs+ or Ga+), has been 
widely used for analysis of trace elements in solid materials especially semiconductors and 
thin films for nearly 40 years(18). It can also be used to characterize molecular surfaces 
but the analysis is more complex and creates a few problems which include the rapid 
accumulation of chemical damage created by the incident ion beam, low secondary ion 
fractions and extensive molecular fragmentation (19). However, the developments of 
cluster ion sources such as C60
+, Arn 
+, Au3
+, SF5
+ and Bi3
+ for SIMS offer the possibility 
to overcome these problems. Figure 1.3 is an example of polymer PS-2000 (polystyrene) 
mass spectrum and a parent ion signal can only be observed with C60
+ compared to using 
Ga+ projectiles (20) and the reason behind this enhancement is not fully understood. 
 
 
Figure 1.3 Positive SIMS spectrum of PS-2000 (polystyrene) using 10 keV Ga+ and 10 
keV C60
+ (20). Reprinted with permission from Wibel et al. (2003). Copyright (2003) 
American Chemical Society. 
 
Since 1989, cluster ion sources have been known to be more effective at desorbing 
molecules (21) (22). Enhanced surface sensitivity, reduced sample topography and reduced 
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interlayer mixing can also be observed (19). In imaging cluster SIMS, images obtained 
with bismuth cluster primary ions of a rat brain show high mass spectral peaks (m/z 771 
and m/z 892) which were not previously obtainable with gallium or indium primary ions 
(23). The improvement is can be used to image much higher molecular mass material for 
better spatial resolution. This can be seen in Figure 1.4 that shows colour overlays of 
different localizations of negative ions from m/z 255 to m/z 892.  
 
 
 
Figure 1.4 Colour overlays showing the different localizations of the following negative 
ions: (a) m/z (255+283; red), m/z 892 (green) and m/z 771 (blue); (b) m/z 255 (blue) and 
m/z 283 (red) (23). Reprinted with permission from Touboul et al. (2005). Copyright 
(2005) Springer. 
 
In depth profiling cluster SIMS, the depth resolution is limited by surface roughness and 
beam-induced mixing but this can be improved using carbon cluster ions where very little 
damage and mixing occurs and the layers are peeled away in a more uniform fashion (13). 
Ultimately cluster SIMS using large Argon clusters Ar1000 has produced the best ever depth 
profiles of an Irganox multilayer system (24) (25).  
 
Even though these developments have improved the image quality and broadened the 
analysis of multilayer organic thin films a systematic explanation of the advantages of 
using cluster ions as a primary source is largely undeveloped (23) (26). On the other hand 
when using a C60 ion beam on a silicon surface, a substantial carbon residue from the 
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cluster can be left behind on the surface which can also influence chemical changes in the 
surface region (27). As a consequence depth profiling with cluster SIMS of molecular 
material can be difficult to interpret and even the high lateral resolution imaging properties 
of SIMS and its surface sensitivity have not so far proved adequate to make significant 
inroads into the biological community (19) 
 
Another alternative for improvement of conventional SIMS is achieved by engineering the 
surface properties using techniques such as metal assisted (MetA) SIMS and matrix-
enhanced (ME) SIMS which have been reported in 1990’s. Generally ME-SIMS combines 
MALDI’s well-developed matrix/analyte sample preparation protocols with a sputtering 
beam (28) while MetA-SIMS applies a thin-layer of gold or silver nanoparticles to the 
sample (29). Effective high spatial resolution surface analysis of molecular materials by 
TOF SIMS requires the optimization of the secondary ion yield. Both MetA-SIMS and 
ME-SIMS together with polyatomic primary ions possibly enhance the ionization yield for 
large intact molecular ions (30). It has been shown that ME-SIMS can detect peptides such 
as bovine ubiquitin (molecular weight, MW = 8,565 Da) and even chicken egg lysozyme 
(MW = 14,305 Da) as intact molecules in the mass spectra after appropriate dilution in a 
selected matrix (28).  
 
In the case of MetA-SIMS relative to monatomic Bi+ primary ions examining an uncoated 
tissue section, Bi+ on a gold-coated tissue section provides ~3.8 higher molecular ion lipid 
signals, Bi3
2+ on uncoated tissue provided ~8.4 times more molecular ion lipid signals and 
Bi3
2+ on gold-coated tissue provides ~15.8 times as much signal. However the optimisation 
of the sample preparation with MALDI matrices can be a time-consuming process, since 
the analyte/matrix combination and its concentration ratio strongly influence the result 
(30).  It has also been reported that it can be difficult to assign MetA-SIMS peaks and to 
interpret the images obtained and the ion yields can be time dependent and do not always 
relate directly to the concentration of the analyte (28).   
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1.4. The Emergence of MeV Secondary Ion Mass Spectrometry  
 
Spatial resolution, molecular selectivity, destructiveness and sample preparation are issues 
that lead to the existence of new approaches to SIMS such as cluster SIMS, ME-SIMS and 
MetA-SIMS but conventional SIMS is still limited by low secondary ion yields of high-
mass molecules. As the research grows another technique (MeV-SIMS) is emerging with 
improved molecular ion yields, created by increasing the energy deposition in the sample 
surface (31) (16).  
 
In 2008 the group of Kyoto University developed a new system using MeV primary ion 
beams from a tandem accelerator for matrix-free mass spectrometric imaging of molecular 
species ranging from 100 to over 1,000 Da with micrometre resolution (1). They 
demonstrated that by comparing to keV ion irradiation, more than 1,000 fold increase in 
molecular ion yield for peptide sample (1,154 Da) can be seen and secondary ion efficiency 
for biological compounds (>1kDa) is increased to more than 1010 cm-2. Figure 1.5 (1) 
shows a micro patterned peptide surface that has been prepared and successfully shows the 
capability of MeV-SIMS to acquire heavy ion images of the deprotonated peptides (m/z 
1,153) and a higher molecular ion yields of MeV-SIMS on angiotensin II in comparison 
with cluster SIMS can be observed on Figure 1.6.  In MeV-SIMS energy is deposited into 
the electronic system hence the molecular ion desorption for higher molecular ion yield is 
enhanced by the electronic excitation induced near the surface region by the impact of the 
high energy ions as explained in section 2.1.  
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Figure 1.5 A micro patterned surface was prepared by depositing amino acid leucine on 
a mesh-covered substrate peptide surface and was analyzed with MeV-SIMS imaging. 
The scale bars represent 20 μm. (a) An optical microscope image of the patterned 
surface. (b) A magnified optical image of the surface; the cross-shaped region (orange) 
represents the substrate peptide and the grey area- leucine. (c) A MeV-SIMS image (20 × 
20 pixels) of deprotonated peptide ions (m/z 1153) over a 100 μm × 100 μm field of view 
with a pixel size of 5 μm. This image was obtained during 80 min with 6000 primary 
ions/pixel. The maximum count was 39. The beam spot size results in approximately 10 
μm lateral resolution (1). Reprinted with permission from Nakata et al. (2008). Copyright 
(2008) John Wiley and Sons. 
 
Figure 1.6 Positive and negative ion mass spectra of pure films of angiotensin II (Ang 
II) under cluster SIMS (dose 3.5 x 107 Au3 ions) and MeV SIMS (dose 5.3 X 10
6 Cu ions) 
(1). Reprinted with permission from Nakata et al. (2008). Copyright (2008) John Wiley 
and Sons. 
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Work on MeV-SIMS at the Surrey ion Beam Centre (Surrey IBC) has been performed 
using a 2MV Tandem Accelerator and a time-of-flight secondary ion mass spectrometer 
(ToF-SIMS) with an added advantage of being able to measure simultaneously particle 
induced X-ray emission (PIXE) and rutherford back scattering (RBS) (17). Basically PIXE 
(32) is used to determine elemental distribution while RBS (33) can be used to obtain 
elemental depth information of a sample. Comparisons on leucine and Angiotensin II 
spectra with MeV monomer and keV cluster primary ions have been presented that show 
that MeV-SIMS to be a very promising technique (16).  
 
At the Surrey IBC, research is focussed on atmospheric MeV-SIMS. For this a suitable 
high extraction and high mass resolution type of mass spectrometry is required and a 
focussed ion beam capable of desorbing secondary ions. Surrey IBC has an existing 
external MeV beam line and a 10 MeV O4+ beam can be scanned over 1cm square and will 
travel 1.5cm through air before completely stopping (16) . Figure 1.7 (a) and (b) show the 
results from the group at Kyoto University of positive ion spectra for the washed 3T3-L1 
(mouse fibroblast) (34) . The molecular ions of cholesterol (at m/z 369, [Ch-OH] + and m/z 
385, [Ch-H] +) and phospholipids (at m/z 184, C5H15NPO4
+) can be seen clearly. 6MeV 
Cu4+ at 20 Pa is used for this measurement and noted that this beam can travel several 
hundred metres before stopping while in ambient pressure (~ 105 Pa) the ions will travel 
around 1cm. These show that MeV energy ions could be applied to low vacuum (20Pa) 
SIMS measurements and that convincingly, atmospheric SIMS and molecular imaging is 
a strong possibility.  
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Figure 1.7 SIMS spectra of positively charged secondary ions for the washed and freeze-
dried 3T3-L1 cells (mouse fibroblast) with 6 MeV Cu4+ incidence at low vacuum. The m/z 
ranges are (a) 100–1000 and (b) 600–850 (34). Reprinted with permission from Yamada 
et al. (2010). Copyright (2010) John Wiley and Sons. 
 
MeV-SIMS analysis ( 10 MeV O4+) of fingerprint and ink signals performed by Bailey et 
al. (35) demonstrated the sequence of a doped fingerprint and ink signals on paper can be 
determined. Figure 1.8a and b shows an indication that the technique may even be possible 
to use in a depth profiling mode when measurement results are obtained as a function of 
time.  
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Figure 1.8 Relative intensity of counts corresponding to fingerprint and ink signals as a 
function of measurement time and spatial maps for (a) fingerprint on top of ink and (b) 
ink on top of fingerprint (35). Taken from Bailey et al. (2010). 
 
The latest work (36) on biomaterial imaging with MeV energy heavy ion beams is shown 
in Figure 1.9. The vacuum in the target chamber is 120 Pa. SIMS imaging with 6 MeV 
Cu4+ on a sliced rat brain cerebellum is compared with 25 keV Bi3
+ in Figure 1.10. The 
MeV-SIMS images of intact molecules of lipids are clearly observed but the distribution 
for molecule of m/z 772.5 is hard to see with Bi3
+ ions. To conclude the high secondary 
ion sensitivity with MeV energy heavy ions is very useful and beneficial for biological 
material analysis. Reported results on higher secondary ion yields, lower fragmentation 
and the ability to depth profile (1) (2) (16) (35) in the previous section have engendered an 
investigation to understand the interaction of MeV ions with insulating material. 
1 Introduction 
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Figure 1.9 Optical microscope images of a sliced cerebellum in a rat brain and MeV-
SIMS images of cholesterol (C27 H46O), phosphatidylcholine (PC) head group 
(C5H14NO4P) and PC 32:0 (C40H80NO8P) of cerebellum. MC means maximum count per 
pixel in each image (36). Reprinted with permission from Seki et al. (2014). Copyright 
(2014) Elsevier. 
 
 
 
Figure 1.10 Molecular images of PC headgroup-H+ and PC 32:0+K+ of rat cerebellum 
obtained with conventional SIMS with Bi3 ion beam (36). Reprinted with permission from 
Seki et al. (2014). Copyright (2014) Elsevier. 
1 Introduction 
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1.5. Thesis Overview 
 
Secondary ion mass spectrometry with keV cluster ions has given an improvement in 
producing higher secondary ion yields, reduced topography, and reduced interface mixing, 
enhanced surface sensitivity and improved depth resolution. In addition MeV-SIMS has 
proven to be better in certain cases to produce higher molecular ion yields especially at 
higher mass and has ability to image with better quality of spatial resolution. However 
there is still lack of understanding behind these exciting properties. The aim for this thesis 
is to find a way to help in understanding the interaction of keV cluster ions and MeV ions 
with insulating materials.  
 
Related theories of how MeV and keV ions interact with insulating material are then 
discussed in chapter 2 which include how energy deposited in matter and how the 
sputtering process occurs from a solid material. Contributions from nuclear collision 
models such as TRIM/SRIM, TRIDYN, MARLOWE and Molecular Dynamics are 
included here. A Thermal Spike Model, MEDF Model and Energy Deposition Model are 
also presented.  
 
The introduction and justification of the simulation approach used in this study are 
elucidated in chapter 3. Exploration of the model parameters, analysis and results are in 
chapter 4. Chapter 5 is the experimental work and chapter 6 is the results and comparisons 
with the simulation work. Conclusions and future directions are summarised in chapter 7. 
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2. Theoretical Considerations 
 
This section presents in general theories of the interaction of MeV and keV ions with 
insulating material. This interaction induces many processes mainly the deposition of 
energy in matter that leads to the sputtering of material from the sample surface. Other 
related models are also mentioned as an overview these include binary collision simulators 
TRIM/SRIM, TRIDYN, MARLOWE and many body simulations using Molecular 
Dynamics. Simpler models are essential in order to help predict and understand the 
interaction of ions with solids. The Thermal Spike Model, MEDF Model and Energy 
Deposition Model are also presented. 
2.1.The Interaction of MeV and keV Ions with an Insulating Material 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic diagram of the main collision processes which occur in the surface 
layers of a solid bombarded by high energetic particles. 
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The fact that complex molecules can be desorbed intact when a material is electronically 
excited by incident particles provides an evolution in analytical methods especially SIMS 
but the behaviour behind this needs further investigation and understanding. Penetration of 
swift heavy ions with matter concerns the bombardment of molecule by very high energy 
ions, say in the MeV range which induce many processes. Figure 2.1 is a schematic 
diagram of the collision processes involved when 10 MeV O4+ bombards an insulator 
material. 
 
In general, projectiles of such high energy ions form a cylindrical region of electronic 
excitations which is several 10s of microns long and known as an ion track. As the ion 
moves along the ion track, it collides with the target electrons through ‘inelastic’ collisions. 
Therefore, there is substantial bond breaking of the target atoms leading to energy being 
transferred through electron-phonon coupling and resulting thermal vibrations out from 
that region often referred to as a ‘thermal spike’. In addition the interaction between the 
primary ions and the solid also includes ionization, displacement and collision cascade 
among ions, electrons and atoms. In insulators it is possible that this can lead to a Coulomb-
explosion. The Coulomb-explosion is a mechanism in which the electronic excitation 
energy is transferred via an intense electromagnetic field into atomic motion. Both this and 
the thermal spike mechanisms can cause a pressure wave to expand from the ion track. 
This wave compress the material surrounding it and the free boundary of the surface allows 
the pressure to relax by ejecting material. 
 
When using metallic materials as a target for analysis, the recovery of the electron system 
from the interaction with MeV range primary ions is very fast and hence the Coulomb 
explosion does not occur. Thus although some excitations of electrons will occur, this 
energy will be dissipated throughout the solid quickly unlike the situation with an insulator 
target where the lifetime of electronic excitation state is longer and allows energy to be 
transferred into atomic motion. Hence MeV ions do not readily sputter metallic or 
conducting materials. 
 
For measurements using lower energy in conventional SIMS as in Figure 2.2 (4), the 
incident primary ions mainly produce a single collision cascade via ‘elastic’ collisions with 
the target atoms. The collision cascade is a set of adjacent collisions between the atomic 
nuclei induced by an energetic particle in a solid or liquid. Hence, energy spreads to the 
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edge of the impact area in the lateral direction which stops when it reaches a threshold 
value and this is determined by the compressibility of the material. If the collision cascade 
intersects the surface it is possible to eject particles. As the motion is largely uncorrelated 
only fragments of molecules are normally ejected in this case.  
 
 
 
 
Figure 2.2 Ions are fired into an organic self-assembled monolayer on a gold substrate. 
The energy deposited in the surface region from the incoming primary ions produces a 
collision cascade. This results in the ejection of a wide range of atomic and molecular 
fragments, of which about 1% are ions. Mass analysis of the ejected secondary ions is the 
key to exploring the structure of the surface (4). Reprinted with permission from Castner 
(2003). Copyright (2003) Nature Publishing Group. 
 
When a cluster ion bombards a sample surface, it breaks into its atomic components and 
each atom initiates its own cascade of moving particles but with lower kinetic energy as 
each atom in the cluster carries only a fraction of the total kinetic energy. These individual 
cascades overlap with each other causing a large volume of moving material close to 
surface. The large volume of overlapping cascades means that all atoms in the volume are 
moving unlike in a single cascade thus the concerted motion of this volume can more easily 
eject intact surface molecules than a single cascade as shown in Figure 2.3. Consequently 
less fragmented material is observed, higher numbers of intact molecular species are 
produced thus enhancing desorption yields by an order of magnitude or more (37).  
Comparison of cluster and atomic projectiles can be seen clearly with the aid of molecular 
dynamic simulations of 15 keV Ga and 15 keV C60 shown in Figure 2.3.The energy 
deposition process is very different and a crater is created with cluster impacts whereas Ga 
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atom penetrates deep into the Ag crystal (38). The different colours on the various layers 
made inter-layer mixing observable.  
 
 
 
 
Figure 2.3 Cross-sectional view of the temporal evolution of a typical collision event 
leading to ejection of atoms due to 15 keV Ga and C60 bombardment of Ag {111} surface 
at normal incidence. The atoms are coloured by original layers in the substrate. The 
projectile atoms are black (38). Reprinted with permission from Postawa et al. (2004). 
Copyright (2004) American Chemical Society. 
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2.2. Energy Deposition 
 
 
Bombardments by energetic primary ions of a solid target create recoils of the constituent 
atoms. The recoils lose kinetic energy near the surface region by both electronic and 
nuclear collisions until they finally come to rest at some depth. According to the Born-
Oppenheimer approximation, electron and nuclear motion in molecules can be separated 
based on the idea that nuclear mass is so much larger than electrons mass hence the nuclear 
motion is so much slower than electron motion that they can be considered to be fixed 
while electrons react instantaneous to changes in the position of the nuclei (39). 
 
Generally, the slowing down process of ions in matter is normally described by the 
‘stopping power’ (dE/dX) defined as the energy dE lost by an ion for traversing a distance 
dX and the total stopping power can be written as: 
 
(
dE
dX
) loss= (
dE
dX
) Elect+ (
dE
dX
)  Nucl  
 
where (dE/dX) Elect is the loss due to collisions with electrons and (dE/dX) Nucl is the 
loss due to nuclear collisions.  
 
In the MeV-energy range, the slowing down process is governed by excitation and 
ionization with the target electrons while for a slower projectile in the keV energy range 
will mainly undergo nuclear collisions with the target atoms. Specifically, Figure 2.4 shows 
the energy loss to a substrate PMMA target for gold and oxygen ions as a function of 
energy and clearly shows nuclear stopping power is a dominant energy loss in the keV 
range whereas in the MeV range, electronic stopping is dominant. Both stopping powers 
increase with increasing energy, reach a maximum before reducing away. 
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Figure 2.4 Nuclear and electronic stopping powers of the substrate PMMA target for 
gold and oxygen ions respectively, as calculated by the SRIM code. 
 
2.3. Sputtering 
 
 
Sputtering is caused by momentum exchange between ions, electrons and atoms in a 
material which leads to the emission of atoms and the eventual erosion of the target 
material under energetic particle bombardment. The number of ejected atoms from the 
target per incident ion is called the sputter yield and depends on a number of factors 
including the ion incident angle, the energy of the ion, the masses of the ion and the target 
material.  
 
During MeV-SIMS analysis, fast ions incident on a solid deposit their energy in the 
electronic excitation of the atoms or molecules of the material leading to the ejection of the 
surface species and this is called electronic sputtering. For conventional keV-SIMS, direct 
momentum transfer from energetic ions to atoms of the solid results in the ejection of 
material from a solid surface which is known as nuclear sputtering.  
 
The theoretical understanding of the sputtering process has a long history (40) and the 
introduction of transport-theory methods in the 1960s has opened up a study of many 
problems such as the dependence of the total sputter yield on ion impact energy, angle and 
species as well as the target materials parameters; the energy and angular distribution of 
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sputtered particles; the preferential sputtering of alloys and compounds; and the depth of 
origin of emitted particles (41). In the 1970s sputtering theory expanded into computer 
simulation methods which expected to give the most realistic description of particle 
slowing down, recoil generation and sputtering.  
 
Monte Carlo methods are based on the use of random numbers and probability statistics to 
investigate problems. This method is widely used to model complex problems in many 
fields from economics to physics. In this study, sputtering of a multilayer molecular solid 
by keV cluster ions and MeV ion impacts is investigated using a simple Monte Carlo 
model. This model is aimed to support the potential of oxygen MeV-SIMS to depth profile 
insulating materials (this is developed in detail in chapter 3).  
Another Monte Carlo calculation method, namely the binary collision approximation 
(BCA), is used in a set of a widely known computer programs called “stopping and range 
of ions in matter” (SRIM). Since 1985 the stopping and range of ions in amorphous 
material can be calculated using SRIM and major upgrades are made to the database about 
every six years (42). SRIM needs an ion type, energy (up to 2GeV) and a target made of 
up to eight different layers of compound materials as a input and with “transport of ions in 
matter” (TRIM), a comprehensive program which is included in SRIM. Figure 2.4 is an 
example of a SRIM calculation of nuclear and electronic stopping powers of the substrate 
PMMA target for gold and oxygen ions. Other Monte Carlo BCA simulation based 
methods include MARLOWE and TRIDYN. MARLOWE can handle crystalline materials 
and TRIDYN is capable of handling dynamic composition changes (43). 
The BCA assumes collisions occur only between two particles at a time and the path can 
be described as a sequence of  straight lines which make calculations during collisions 
quick and easy but BCA does not work at lower energies (<1 keV) bombardment (43). 
Molecular Dynamics (MD) is another simulation method that is famously being used to 
understand theory behind the sputtering process. MD is possible for lower energy projectile 
and multiple interactions of collisional process but it is very time consuming typically 
taking several weeks or more to complete (44) (45). Nevertheless information from MD 
simulations is much closer to reality (see section 2.3.1). On the other hand there is still a 
need for a quick and simpler model to aid experimental design and data interpretation. 
Some contributions of the simpler models such as the Thermal Spike Model, Mesoscale 
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Energy Deposition Footprint (MEDF) and Energy Deposition Model are presented in the 
next section. 
Currently there are many active investigations on sputtering theories but most of the 
convincing theories available focus on projectile impact in the nuclear stopping regime and 
are more suited to conventional keV-SIMS and do not normally model sputtering caused 
by molecules and clusters.  
 Molecular Dynamics Simulations 
 
Molecular dynamics (MD) is a powerful computer simulation method which is being used 
in a variety applications in science. Here, MD simulation of physical movements by atoms 
and molecules can be used to describe the slowing down process and scattering of energetic 
ions in solids (46).  
 
Figure 2.5 is an example of MD simulations comparing 20 keV Au3, C60 and Ar872 
bombardment on Ag{111} (47). The Au3 crater extends deep into the sample but a large 
fraction of the primary kinetic energy is deposited below the crater depth and cannot 
contribute to sputtering and leads to a significant interlayer mixing whereas C60 and Ar872 
contribute to a higher sputtering yield and lower degree of mixing. The individual atoms 
in the cluster are not initiating their own collision cascade but working cooperatively to 
move the target atoms and the energy is deposited in a shallow volume of the sample, 
leading to the ejection of many particles.  
 
Another MD simulation on Ag{111} is in Figure 2.6 and it can be seen that the amount of 
material removed increases faster than the depth of the damaged layer as the kinetic energy 
is increased from 5keV to 20 keV (38) (19). This study shows that the size of the crater 
and the total sputtering yield increases with an increase of the total kinetic energy. 
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Figure 2.5 Top and cross-sectional side views of typical craters by impact of 20 keV-Au3, 
C60 and Ar872 at normal incidence at a flat Ag{111} surface at time of 30ps. Colour 
scheme depicts original location of atoms in a given layer. The cross-sectional view is 
1.5nm wide and is cantered along the projectile impact point (47). Reprinted with 
permission from Postawa et al. (2010). Copyright (2010) John Wiley and Sons. 
 
 
Figure 2.6  Cross-sectional top and side views of typical craters created by impact of the 
C60 projectile at the Ag {111} surface with various kinetic energies at a time of 29.5ps. 
The top view shows only atoms that come to rest within ~0.5nm of the original surface 
plane. The crater diameter at the surface is given in each crater. The approximate depth 
of each crater is shown on the side view (38). Reprinted with permission from Postawa et 
al. (2004). Copyright (2004) American Chemical Society. 
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 Thermal Spike Model 
 
The thermal Spike Model is based on a cylindrical track that is formed after a solid is 
penetrated by high energy ions (see section 2.1) and it uses the dimensions of a heated 
cylindrical track region to make predictions and also MD simulations are employed for 
investigation. Since the 90’s, this model was developed in details to describe the damage 
induced in all kind of materials, metallic or insulator, irradiated by swift heavy ions Below 
are some contributions to the sputtering theory. 
According to H.M. Urbassek in his review (48), theoretical models for sputtering particles 
from a swift ion track are actively being investigated and have come up with few results 
(49) (50) (51). Firstly a regime is identified where at low densities of the energetic 
excitation events the yield is linear due to the sparse distribution of the excitations and 
secondly the high-energy-density linear regime is connected to the formation of a melt and 
the removal of energy by pressure pulse.  
Beuve et al. (52) studied two further aspects of fast-ion-induced sputtering by including 
the dynamics of the electronic subsystem: (i) the energy transfer from the electronic to the 
atomic system is assumed not to occur instantaneously but to take a period of time ∆t. For 
∆t > 1 ps it is found that the sputtering yield becomes strongly nonlinear as a function of 
the stopping power. (ii) The influence of a non-homogeneous spatial distribution of the 
electronic excitations is modelled. It is shown that such a spatial distribution also leads to 
a strongly non-linear dependence of the yield on the excitation density. 
 
 Mesoscale Energy Deposition Model  
 
The Mesoscale Energy Deposition Footprint (MEDF) model was developed by Russo and 
Garrison (53) (54). The details of the MEDF model are derived from a (MD) Molecular 
Dynamics simulation initially of a description of MeV ion track formation in frozen Ar gas 
by Jakas, Bringa and Johnson (55) (56) which is shown in Figure 2.7. 
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Figure 2.7 Diagram of the ejection model. 
 
The MEDF ejection model is able to determine the relative sputter yield of a system and 
the crater size. Moreover, it shows that necessary information for these predictions can be 
obtained from simulating just the initial energy deposition process in a short amount of 
simulation time (<100fs) and the need for large samples and long simulations is not 
required. For both keV cluster SIMS and MeV SIMS, all materials are sputtered from the 
conical area. The energized track for MeV SIMS is longer than keV cluster SIMS because 
the MeV ion deposits its energy instantaneously along a long track while the cluster 
deposits its energy only in the surface region.  
 
 Energy Deposition Profile (EDP) Model 
 
This model was inspired by the MEDF Model, developed by Mody and Webb (57). The 
EDP Model is based on some assumption from the Fick’s law, and the concept that if 
energy is deposited into a sample target it would spread and behave according to a 
diffusional process. The total energy deposited is set as being equal to the appropriate 
impact energy of the cluster. Aspects such as crater formation and material ejection can be 
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predicted. A MD simulation of the EDP Model is used to verify that it is not necessary to 
calculate the full cluster impact to estimate the impact crater. 
 
Figure 2.8 shows comparison of crater obtained from Energy Deposition Profile Model 
with 10 keV C60 cluster impact. By applying an asymmetric energy distribution and 
spherically distributed velocity, good correlation can be seen between them. The crater 
width is ~ 6.5nm and the depth is ~ 5.5nm (58).  
 
 
 
 
Figure 2.8 Transient crater shape comparison as of 5ps of 10 keV C60 cluster 
impact on benzene C6H6 target and the revised EDP approach, i.e. using an asymmetric-
ED. sy:sr = asymmetric energy distribution (58). Taken from Mody PhD Thesis (2012). 
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3. Simulation Methods 
 
This section starts with some MD simulations of a cylindrical track in a benzene crystal 
which were done by Prof. Roger Webb. MD aims to give an introduction to the conical 
ejection model for MeV projectiles. The overall description on what is contained in the 
Monte Carlo conical ejection model and how does it work are then elucidated.  
 
3.1. MeV Molecular Dynamic Simulations 
 
Figure 3.1 MD simulations of a 10 keV C60 impact in a frozen benzene (left) and 
500eV/Å MeV simulation (right). Red represents intact and blue represents broken 
molecules. 
 
MD simulations of a 10 keV C60 impact in frozen benzene in comparison with MeV 
simulation are shown in Figure 3.1. Clearly can be seen that MeV impact generates a long 
cylindrical track while keV generates a shorter track. The original positions of the benzene 
molecules which are the intact molecules moved up (red colour) to the surface and the 
broken molecules are mainly along the cylindrical track (blue colour).  
MD simulations of cylindrical track in a benzene crystal are shown in Figure 3.2. Energies 
are deposited in random directions in the benzene crystal and vary from 10eV/Å to 
1000eV/Å and there are 8 different cylindrical tracks generated with either 10Å or 5Å 
initial deposition radius. Change of initial deposition radius doesn’t make any different for 
the cylindrical track generated by 100eV/Å. A MeV-SIMS cylindrical track is in the range 
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of 100eV/Å and 200eV/Å with deposition radius= 5Å. The highest energy of 1000eV/ 
forms a very wide cylindrical track and nearly like a huge and deep conical shape and 
represents PDMS. Figure 3.3 shows a plot of cylindrical track width as a function of 
deposited energy measured from Figure 3.2. The track width increases with energy.  
Figure 3.4 and Figure 3.5 are plots for sputtered intact and broken molecules at 3.5ps and 
5ps as a function of deposited energy. The sputtering yield increases with deposited energy 
and so does the number of broken molecules. More intact molecules can be observed at 
5ps compared at 3.5ps but in the case of broken molecules, the same amount of molecules 
are obtained. This suggests that some period of time acquired for intact molecules to travel 
to the surface before began the sputtering process. In Figure 3.4 the last point 1keV/A was 
run with a target that was only half the thickness of the other targets. The consequence of 
this is that it doesn’t make much difference to the sputtering yield as both targets were 
thick enough to estimate this well, however as there is only half as much material so the 
number of broken molecules is half that which might be expected for the same size target 
material. In figure 3.5 those points are re-plotted doubling the number of broken molecules 
recorded to account for the half-size region. 
Dimensions of the conical and the cylindrical track in a benzene crystal are illustrated in 
Figure 3.6. The variation in energy density after 3.5ps shows the development of the cone 
and cylindrical shapes from nothing to the present of a long and wide configuration at 
1000eV/Å and 500eV/Å. Those in red color are the intact molecules and those in blue 
colour are the broken molecules. Note that the change of the initial deposition radius to 5Å 
at 100eV/Å differentiate the existence of a complete long cylindrical track for MeV SIMS 
compared to the 10Å. The conical and the cylindrical dimension produced from Figure 3.6 
can be summarized in Figure 3.7. The conical width increases linearly over an increase in 
energy but not much difference can be observed from the cylindrical width and conical 
height dimension as a function of energy density.  
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Figure 3.2 MD simulations of a cylindrical track in a benzene crystal at 10ps. 
 
 
Figure 3.3 Cylindrical track width as a function of deposited energy. 
 
MeV SIMS 
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Figure 3.4 Sputtered molecules as a function of deposited energy (½ size target). 
 
 
Figure 3.5 Sputtered molecules as a function of deposited energy (2 x ½ size target). 
 
 
 
 
½ size 
target 
½ size 
target 
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Figure 3.6 MD simulations of a conical and cylindrical track in a benzene crystal 
at 10ps. Red represents intact and blue represents broken molecules. 
 
 
 
Figure 3.7 Conical and cylindrical dimension as a function of energy density. 
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3.2. Monte Carlo Simulation Model 
 
A new Monte Carlo simulation model of sputtering of a multilayer molecular solid is 
developed which takes insight from the MEDF model (1) and the fluid dynamics ejection 
model (2) as described in section 2.3.3. The Monte Carlo model is used to simulate the 
sputtering of a multilayer solid by MeV and keV cluster ion impact.  
 
 
Figure 3.8 Illustration of conical ejection model that are used in the program for 
Monte Carlo simulation of keV cluster SIMS and MeV SIMS. r1=cylindrical radius, 
r2=cone radius, edep=ejection depth and frag.depth=fragmentation depth, region 
1=fragmentation process, region 2=sputter intact species and region 3=sputter 
broken species. 
The model consists of a conical ejection region (in red), a cylindrical fragmentation volume 
(in blue) and a cylindrical mixing volume (in green) as illustrated in Figure 3.8. It is 
assigned with regions of ‘1’, ‘2’ and ‘3’ for sputtering processes ( refer to the flow charts 
in Figure 3.10, Figure 6.6 & Figure 6.14). It attempts to model both MeV and keV cluster 
primary ions. All materials are ejected from the conical ejection zone and fragmentation 
occurs along the cylindrical breakage zone. Comparing the MEDF and fluid dynamics 
models suggests that the principal difference between the two is the length of the 
fragmentation cylinder with MeV-SIMS has a longer fragmentation depth than the keV 
cluster SIMS. MD simulations of a cylindrical track in a benzene crystal, shown in the 
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previous section, also indicate the same thing.  Note that most results in this study are 
simulated without a mixing region except for section 3.2.2 and 4.6.  
 
   
 
Figure 3.9 Multilayer sample model for Monte Carlo simulation. Blue is material 
type ‘1’ and red is material type ‘2’. All data are in the same arbitrary units. 
 
Figure 3.9 shows the multilayer sample, the blue colour on the multilayer sample model 
represents molecules of type ‘1’ while the red is molecules of type ‘2’. There are 160,000 
molecules (400x400) initially all ‘intact’ in each layer of the multilayer sample. The flow 
chart in Figure 3.10 shows a single sputtering process that occurs when a conical ejection 
pattern ‘hits’ a multilayer sample. The Monte Carlo simulation model then works by taking 
the multilayer sample and randomly placing the conical and cylindrical ejection regions 
into it. The intact molecules of type ‘1’ and type ‘2’ along the cylindrical region are 
fragmented to become type ‘11’ and type ‘12’ correspondingly and those located outside 
the conical region are not sputtered and assigned as region ‘1’as illustrated in Figure 3.8. 
Both fragments and intact molecules can be sputtered from the conical section and assigned 
as regions ‘3’ and ‘2’ respectively. At region ‘2’ sputtered molecules can be either type 
‘1’, type ‘2’, type ‘11’ or type ‘12’ however at region ‘3’ only fragments are ejected. The 
conical ejection pattern is positioned inside a cubic box and surrounded by molecules 
assigned as region ‘0’ and this indicates nothing will happen in this area. The sputtering 
process is continuously performed until nothing is left of the multilayer sample and the 
timer counter is equal to zero. Figure 3.11 is an illustration of surface topography created 
after continuous impact of conical ejection pattern on the multilayer sample surface. 
 
 
200 units 
400 units 
400 units 
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Figure 3.10 A flow chart which shows the sputtering process when a conical & ejection 
model ‘hits’ a multilayer sample. 
For a given time step 
Pick random point on the multilayer sample surface model 
Place the conical ejection model 
If the conical ejection model =1 If the conical ejection model >1 
Do nothing 
molecules type 
1 become 
molecules type 
11 
Molecules type 
2 become 
molecules type 
12 
Sputter molecules 
Sputtering process divided into regions ‘0’, ‘1’, ‘2’ & ‘3’ Mixing process (see Figure 3.15) 
If the conical ejection model =2 
Is it broken 
on removal? 
If the conical ejection model =3 
Is it already 
broken before 
removal? 
Everything in this cylindrical 
region must be broken  
Sputter type 11 
and 12 molecules 
Sputter all broken 
molecules. 
(Molecules type 1 
and 2 became 
molecules type 11 
and 12 respectively) 
This is an 
intact region. 
Sputter all 
molecules of 
type 1, 2, 11 
or 12  
NO 
YES 
YES 
NO 
If the conical ejection model =0 
Break molecules 
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Figure 3.11 Illustration of surface topography created after the conical ejection 
model impacts on the multilayer sample surface. 
 
 
Table 3.1 Typical cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV SIMS. Cylindrical/fragmentation radius=r1, 
cone radius=r2, ejection/cone depth=edep and cylinder/fragmentation depth= frag. 
depth. 
 
Typical values for the model in Figure 3.8 are determined from the MEDF model and 
tabulated in Table 3.1. The fragmentation depth for keV cluster SIMS simulation is 15 
units and MeV SIMS is 150 units. Referring to the above dimension the total number or 
material ejected per time step is 17,230 molecules which is equivalent to 0.11 (17,230/ 
160,000) layers eroded per time step. The multilayer sample dimensions are shown in 
Figure 3.9 with layer 1 of 30, layer 2 of 10 and layer 3 of 160. Total simulation time is 
2,000 time steps. All data are in the same arbitrary depth and time units.  
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 5 10 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 30 10 160 200
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Figure 3.12 and Figure 3.13  show simulation results of sputtered intact and broken 
molecule from the conical ejection model of MeV-SIMS and keV cluster SIMS for a 
multilayer sample made up of two molecular types ‘type 1’ and ‘type 2’ with a total 
thickness of 200 units. The ‘broken type 1’ graphs go to a maximum value at around t = 
1000 units and then decrease. The decrease occurs once the entire target block is exhausted 
and the simulation runs out of material and ‘holes’ are created in the multilayer sample. 
These results show that the total thickness should be increased to avoid such artefacts. A 
total thickness of 500 units was used for the rest of the simulations work in section 4, this 
enables continuous simulation without creating holes for the whole period of t = 2000 units.  
 
Comparing Figure 3.12 and Figure 3.13 shows that similar trends are observed for MeV 
and keV cluster SIMS in that the buried molecular layer appears as a peak in the fragmented 
and intact signal as a function of time. The principal difference is that the signal from the 
intact molecular signal is much larger in the case of the keV cluster SIMS compared to the 
MeV-SIMS. This is not surprising as the amount of fragmentation is much higher in the 
case of MeV-SIMS. Other noticeable features are that the trailing edges of the peaks are 
less sharp then the leading edge. This is characteristic of the effects of topography that 
develops as each shot creates a small crater in the surface, these overlap as the erosion 
continues and creates substantial roughness of the surface which means that a range of 
‘depths’ are now visible to the probing ion. Ultimately the resolution of the depth profile 
is determined by this roughness. 
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Figure 3.12 Sputtered intact and broken molecules from the conical ejection model of 
MeV SIMS for a multilayer sample of 1st layer = 30 units, 2nd layer = 10 units and 3rd 
layer = 160 units. Parameters used are as in Table 3.1. 
 
 
Figure 3.13 Sputtered intact and broken molecules from the conical ejection model of 
keV cluster SIMS for a multilayer sample of 1st layer = 30 units, 2nd layer = 10 units and 
3rd layer = 160 units. Parameters used are as in Table 3.1 
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 Depth Resolution Measurement 
 
 
Figure 3.14 Measurement for thickness and depth for depth resolution analysis. 
 
For depth resolution measurement, values for thicknesses of each simulations are obtained 
by measuring the full width at half maximum (FWHM) of each sputtered species (in section 
4 it is the buried layer 2 material) plots and values for depths are acquired by determining 
the width from the zero layer thickness to the leading edge (FWHM) of the same plots. 
These values are then plotted by multiplying them with amount of layers ejected per time 
step to look at sputtered intensity as a function of depth and for depth resolution analysis. 
Figure 3.14 shows an illustration of this measurement. 
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 The Mixing 
 
 
 
 
 
 
 
Figure 3.15 A flow chart which shows the mixing process when a conical & ejection 
model ‘hits’ a multilayer sample 
 
Ion beam bombardment on a sample surface induces many processes as discussed in 
section 2.1 which include mixing of the sample species that can be observed with the aid 
of MD simulation as in Figure 2.3. Inter layer mixing is lower with keV cluster ions 
compared to atomic ion and the effect of mixing can be explored by adding a region of 
mixing around the Monte Carlo ejection model as illustrated in Figure 3.8. This part of the 
model works by taking the multilayer sample and randomly placing the conical ejection 
regions along with a mixing region into it. The area of this mixing region which is coloured 
in green may vary depending on the beam condition (such as beam type, energy and angle) 
and type of material for analysis. The bigger the mixing area the higher the probabilities of 
the material becoming mixed.  Guided by suggestions from MD simulations (59) in this 
study it is assumed to be 2 times wider than the conical ejection model radius and for 
speedy simulation the depth is made 40 times longer (which is 200 units) than the 
ejection/cylindrical depth and the frequency of each species mix is once. The species within 
this area are assigned to move randomly in upwards and downwards direction by 50% as 
shown in the flow chart above. The parameters used for this section are tabulated in Table 
3.2. 
 
 
(From Figure 3.10) Pick random point in the mixing volume  
Swap 50% of them with the upper molecules and the other 
50% with the lower molecules (frequency=once) 
For all molecules of type 1, type 11, type 2 and type 12 
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Figure 3.16 Comparison of sputtered broken molecules from conical ejection model with 
and without a mixing region of keV cluster SIMS for a multilayer sample of 1st layer = 
100 units, 2nd layer = 100 units and 3rd layer = 100 units. Parameters used are as in 
Table 3.2. 
 
Figure 3.17 Comparison of sputtered intact molecules from conical ejection model with 
and without a mixing region of keV cluster SIMS for a multilayer sample of 1st layer = 
100 units, 2nd layer = 100 units and 3rd layer = 100 units. Parameters used are as in 
Table 3.2. 
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Table 3.2 Cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV SIMS. Cylindrical/fragmentation radius=r1, 
cone radius=r2, ejection/cone depth=edep and cylinder/fragmentation depth=frag. 
depth. The mixing cylindrical depth is fixed to 200 for both keV cluster SIMS and MeV 
SIMS simulations & r2 for mixing model = cylindrical radius for the mixing model. 
 
Figure 3.16 and Figure 3.17 show simulation results of sputtered intact and broken 
molecule  from the conical ejection model of keV cluster SIMS with and without a mixing 
region for a multilayer sample made up of two molecular types ‘type 1’ and ‘type 2’ with 
a total thickness of 300 units. The cylindrical and cone radii are 3 and 5 units respectively 
and the depth is 5 units for keV cluster SIMS and 150 units for MeV SIMS. The ejection 
model parameters are small in order to easily observe the existence of mixing during 
simulation and 40,000 steps are needed to complete the simulation process. Obviously 
mixing propagates the impacted species away from their initial positions (without mixing) 
and leads to a broader profile, which degrades the thickness and depth resolution. The 
intensity of both types of broken molecules decreases with mixing and also effectively 
brings unbroken molecules up from below and allows more intact species to sputter without 
experiencing the damaging effect of the beam. More simulation results are presented in 
section 4.6. In this section the mixing model depth for keV cluster SIMS is made shorter 
than the MeV-SIMS (close to the real scenario). 
 
Figure 3.18 is a MeV-SIMS simulation result for the ejection model with and without 
mixing using the same conical ejection model parameters and on a multilayer sample as 
illustrated in Figure 3.8. The sputtered broken species (with mixing) plot shows a similar 
trend as the keV SIMS except with higher intensity, as expected, generated from the long 
cylindrical breakage of the MeV fragmentation depth. High degree of ‘mixing’ is capable 
of spreading the number of broken species everywhere around the material until in this 
case there is no intact species available for sputtering as in Figure 3.19.  
 
Conical & Cylindrical Dimension r1 r2 edep frag.depth
Conical Ejection Model 3 5 5 5/150
Mixing Model - 10 - 200
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 100 100 100 300
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Figure 3.18   Comparison of sputtered broken molecules from conical ejection model 
with and without a mixing region of MeV SIMS for a multilayer sample of 1st layer = 100 
units, 2nd layer = 100 units and 3rd layer = 100 units. Parameters used are as in Table 
3.2. 
 
 
Figure 3.19 Comparison of sputtered intact molecules from conical ejection model with 
and without a mixing region of MeV SIMS for a multilayer sample of 1st layer = 100 
units, 2nd layer = 100 units and 3rd layer = 100 units. Parameters used are as in Table 
3.2. 
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4. Simulation Results and Analysis  
 
This section examines 3 main aspects in order to understand the behaviour of the conical 
ejection model when impacting a sample which include: 
 
I. Variation in cylindrical radius 
II. Variation in cone radius 
III. Variation in cylindrical and cone depths 
 
Information on depth resolution can be discovered from the Monte Carlo simulation of 
sputtering on different depths and thicknesses of delta layers as a function of time. The 
model was expanded with a mixing mechanism and the effects of mixing on layered 
materials can be discovered in section 4.6. 
 
 
4.1.  Variation in Cylindrical Radius (r1) 
 
 
Table 4.1 Cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV SIMS (variation in r1). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection/cone depth= edep and 
cylinder/fragmentation depth= frag. depth. 
 
Cylindrical radius/fragmentation radius ‘r1’ corresponds to an area where intact species 
became fragmented along the cylindrical track and the amount of broken and intact 
molecule sputtered inside the conical area varies according to this value as illustrated in 
Figure 3.8.  
 
 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 3 10 15 15/150
Conical Ejection Model 2 5 10 15 15/150
Conical Ejection Model 3 7 10 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 50 410 500
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The behaviour of three types of conical ejection model with variation in ‘r1’ when 
impacting a multilayer sample was investigated and the parameters are tabulated in Table 
4.1. The cone radius was fixed to 10. The fragmentation depth for keV cluster SIMS Monte 
Carlo simulation was 15 and 150 for MeV-SIMS. Multilayer sample dimensions were the 
same as in Figure 3.9 except the total thickness was changed to 500 with layer 1 of 40, 
layer 2 of 50 and layer 3 of 410. The total amount of material ejected per time step was 
17230 species which was equivalent to 0.11 layer eroded per time step and this was the 
same for all cases of ‘r1’ (calculations were explained earlier). The total simulation time 
was 3000 units. All data are in the same arbitrary units.  
Variation of ‘r1’ doesn’t change the total amount of material sputtered which means the 
ejection cone is sputtering the same amount of species per time step. The difference is in 
terms of the amount of intact and broken species. Smaller values of ‘r1’ enable higher 
amounts of intact molecule to be sputtered and, hence, lower amounts of broken molecules 
will be detected as in Figure 4.1. The same thing can be expected from MeV-SIMS Monte 
Carlo simulation, but obviously the long cylindrical track promotes a larger degree of 
fragmentation and hence a lower amount of intact molecule can be seen compared to keV 
cluster SIMS where the conical ejection model with smallest ‘r1’ only manage to sputter 
2,540,774 intact species and obtained extensive 5,459,191 broken species. When the 
fragmentation radius increases to 5 units and more, the sputtering area is dominated by the 
breakage cylinder and the number of intact molecules detected reduces.  
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Figure 4.1 Intensity of intact and broken molecular species detected for buried layer 2= 
60 units from keV cluster SIMS and MeV SIMS Monte Carlo simulation using parameters 
in Table 4.1 (variation in r1). Cylindrical radius= r1 
 
Parameters for the Monte Carlo simulation in Table 4.1 generate similar trends for both 
keV cluster and MeV projectiles and all signals from the data plots for buried layer 2 reach 
a maximum value at a depth ~60 units. MeV-SIMS for r1=3 the signal from the intact 
molecules reaches maximum (Figure 4.4) at only an intensity of 4000  compared to ~10000 
for keV cluster SIMS (Figure 4.2)  while the broken molecule sputtering intensity is ~9000 
(Figure 4.5) compared to ~ 3000 for keV cluster SIMS (Figure 4.3). There are no intact 
molecules left to profile for MeV-SIMS when r1≥ 6 and can be assumed that the surface is 
full of fragments. On the other hand the broken molecule intensity reaches a maximum and 
the sputter intensity is quite large ~1300 units and for r1≥ 5 units it can be said that it 
reaches the limit where the signal obtained for broken molecules is about the same (Figure 
4.5). This is also at stage where the most available species left for sputtering are fragments. 
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Figure 4.2 keV cluster SIMS of intact type 2 (variation in r1) for layer 1= 40 units, 
layer 2= 50 units and layer 3= 410 units. Parameters used are as in Table 4.1. 
 
 
Figure 4.3 keV cluster SIMS of broken type 2 (variation in r1) for layer 1= 40 units, 
layer 2= 50 units and layer 3= 410 units. Parameters used are as in Table 4.1. 
 
4 Simulation Results and Analysis 
 
48 
  
 
Figure 4.4 MeV SIMS of intact type 2 (variation in r1) for layer 1= 40 units, layer 
2= 50 units and layer 3= 410 units. Parameters used are as in Table 4.1. 
 
 
Figure 4.5 MeV SIMS of broken type 2 (variation in r1) for layer 1= 40 units, layer 
2= 50 units and layer 3= 410 units Parameters used are as in Table 4.1. 
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 Depth Resolution Analysis (Variation in Cylindrical Radius) 
 
 
Table 4.2 Cone dimensions and sample thicknesses for Monte Carlo simulation for depth 
resolution analysis of keV cluster SIMS and MeV SIMS (variation in r1). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection depth/cone depth= edep 
and cylinder/fragmentation depth= frag. depth. 
 
A depth resolution study for keV cluster SIMS and MeV-SIMS as a function of the 
variation in cylindrical radius was performed using the Monte Carlo simulation model. 
There were 3 sets of parameters for the conical ejection model used with a variation in 
ejection/cylindrical radius (r1= 3, 5 & 7). The fragmentation/cylindrical depth of 15 was 
used for keV cluster SIMS and 150 for MeV-SIMS. The cone radius was fixed to 10. Five 
multilayer samples model with variation in layer 2 thickness (layer 2= 10, 50, 100, 150 and 
200) were sputtered with each conical ejection model 1, 2 and 3. Multilayer sample 
dimensions were the same as in Figure 3.9 except the total thickness was changed to 500 
and the first layer was fixed to 40. Total simulation time was 3000. The parameters used 
are shown in Table 4.2 and all data are in the same arbitrary units. 
 
 
 
 
 
 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 3 10 15 15/150
Conical Ejection Model 2 5 10 15 15/150
Conical Ejection Model 3 7 10 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 10 450 500
Multilayer Sample Model 2 40 50 410 500
Multilayer Sample Model 3 40 100 360 500
Multilayer Sample Model 4 40 150 310 500
Multilayer Sample Model 5 40 200 260 500
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Figure 4.6 keV cluster SIMS of depths & thicknesses from intact and fragments (variation 
in r1) at fixed depth delta layer at 40 units as a function of thickness (10, 50, 100, 150 & 
200 units). Parameters used are as in Table 4.2. 
 
Variation of ‘r1’ for keV cluster SIMS gives no effect at all to the depth and thickness 
resolution of the multilayer samples as in Figure 4.6. This is because ‘r1’ only produces a 
variation in the intensity of sputtered species depending on the width of the cylinder of the 
conical ejection model but the data distribution stays the same (Figure 4.2 and Figure 4.3). 
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Figure 4.7 MeV SIMS of depths & thicknesses from intact and fragments (variation in r1) 
at fixed depth delta layer at 40 units as a function of thickness (10, 50, 100, 150 & 200 
units). Parameters used are as in Table 4.2. 
 
Clearly sputtering the multilayer samples with MeV-SIMS Monte Carlo model resulted in 
substantial surface roughness and topography where the intact molecules are unable to give 
good information on the samples thicknesses but however manage to start to sputter species 
near the actual depth which is at 40 units. Wide cylindrical radii promote poor depth 
resolution and using a conical ejection radius of 7 units intact information can’t be 
measured at all (square plot). Broken molecules (triangle plot) on the other hand do provide 
useful information and mostly fit the plots for actual thickness and depth (blue and red line 
on Figure 4.7) and again the variation of ‘r1’ doesn’t affect the depth and thickness 
resolution measurement (for points that are near the actual thickness and depth). Although 
the Monte Carlo model simulation of MeV-SIMS creates a lot of fragments with the long 
cylindrical track it still manages to give some information on the buried layer 2 species. 
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4.2. Variation in Cone Radius (r2) 
 
 
Table 4.3 Cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV-SIMS (variation in r2). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection/cone depth= edep and 
cylinder/fragmentation depth= frag. depth. 
 
Cone radius/ ejection radius ‘r2’ corresponds to an area for sputtered material which 
includes both intact and broken species. The amount of species sputtered may vary 
according to this value as illustrated in Figure 3.8 and intact species can be measured by 
deducting the cylindrical area (inside the cone area) from the cone area. The bigger value 
of ‘r2’ the higher the sputtering probabilities.  
A series of three conical ejection model simulations with variation of ‘r2’ on a multilayer 
sample were performed and the parameters are tabulated in Table 4.3. The cylindrical 
radius was fixed to 5. The fragmentation depth for the keV cluster SIMS Monte Carlo 
simulation was 15 and 150 for MeV-SIMS. Multilayer sample dimensions were the same 
as in Figure 3.9 except the total thickness was changed to 500 with layer 1 of 40, layer 2 
of 60 and layer 3 of 400. Total simulation time was 5000. All data are in the same arbitrary 
units.  
The total amount of material ejected per time step depends on the conical area and the 
bigger the area the higher the sputtering yield. Variations of ‘r2’ does change the total 
amount of material sputtered which means the ejection cone will sputter different amounts 
per time step. Table 4.4 shows sputtering information for 3 different shapes of ejection 
cone (calculations were explained earlier). Conical ejection model 3 has the widest cone 
radius of 12 units and with fixed cylindrical radius and fragmentation depth, amount of 
material ejected per time step is 24,750 species which is equivalent to 0.15 layers ejected 
per time step. 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 5 8 15 15/150
Conical Ejection Model 2 5 10 15 15/150
Conical Ejection Model 3 5 12 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 60 400 500
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Table 4.4 Number of material and layer ejected per time step for Monte Carlo 
simulation of keV cluster SIMS and MeV-SIMS on a multilayer sample (variation in r2). 
Cone radius/fragmentation radius= r2. 
 
Generally the bigger cone radius allows more intact and fewer broken molecules to be 
sputtered as in Figure 4.8. The same scenario can be expected from MeV-SIMS Monte 
Carlo simulation but clearly the long cylindrical track of 150 units fragmented all material 
within the track therefore even with fixed cylindrical radius ‘r1’ only small numbers of 
intact molecules can be observed compared to keV cluster SIMS. The conical ejection 
model with the widest cone radius ‘r2’ only manages to sputter 742,103 intact species and 
obtained a massive 8,857,500 broken species. When the ejection radius reduces to 8 units 
or less the sputtering area is dominated by broken species and the amount of intact species 
obtained is less. Note that increasing the cone radius helps to reduce the number of 
fragments sputtered and in the case when r1=5 and r2= 12 units for keV cluster SIMS data 
from fragments sputtered is about 12% less than the intact ones. 
 
Conical & Cylindrical Dimension Species Ejected/time step layer ejected/time step
Conical Ejection Model 1 (r2=8) 11030 0.07
Conical Ejection Model 2 (r2=10) 17230 0.11
Conical Ejection Model 3 (r2=12) 24750 0.15
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Figure 4.8 Intensity of intact and broken molecular species detected for buried layer 2= 
60 units from keV cluster SIMS and MeV-SIMS Monte Carlo simulation using parameters 
in Table 4.3 (variation in cone radius= r2). 
 
Parameters for the Monte Carlo simulations in Table 4.3 generate similar trends for both 
keV cluster and MeV projectiles but the yields for the buried layer 2 starts and ends at 
different times. This is the consequence of sputtering by different cone sizes where a bigger 
cone radius sputters more material per time step and this makes sputtering for 60 units of 
layer 2 start and finish quicker than for a smaller cone radius. Figure 4.9 is a keV cluster 
SIMS Monte Carlo simulation of intact type 2 species that shows a cone radius of 12 units 
starts  and completes sputtering layer 2 material earlier than cone radius of 8 units and the 
broken species profile in Figure 4.10 shows similar theory for r2=12 in comparison with 
r2=10. Monte Carlo simulations on MeV-SIMS also generate the same results for variation 
in cone radius as in Figure 4.11 and Figure 4.12. Another thing that can be observed is the 
existence of roughness at the trailing edge for a smaller cone radius in comparison with the 
wider ejection cone. This is because the small ejection cone has a lower sputtering rate and 
it therefore needs a higher number of impacts on the surface to sputter the same amount of 
material. A Higher number of impacts means higher numbers of craters created after each 
bombardment and this leads to rougher surface conditions.  
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Figure 4.9 keV cluster SIMS of intact type 2 of r2= 12 units and r2= 8 units for layer 1 
=40 units, layer 2= 60 units and layer 3= 400 units. Parameters used are as in Table 
4.3. 
 
Figure 4.10 keV cluster SIMS of broken type 2 of r2= 12 units and r2= 10 units for layer 
1 =40 units, layer 2= 60 units and layer 3=410 units. Parameters used are as in Table 
4.3. 
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Figure 4.11 MeV SIMS of intact type 2 of r2= 12 units and r2= 10 units for layer 1= 40 
units, layer 2= 60 units and layer 3= 400 units. Parameters used are as in Table 4.3. 
 
 
Figure 4.12 MeV SIMS of broken type 2 of r2= 12 units and r2= 8 units for layer 1= 40 
units, layer 2= 60 units and layer 3= 400 units. Parameters used are as in Table 4.3. 
 
4 Simulation Results and Analysis 
 
57 
  
 Depth Resolution Analysis (Variation in Cone Radius) 
 
 
Table 4.5 Cone dimensions and sample thicknesses for Monte Carlo simulation for depth 
resolution analysis of keV cluster SIMS and MeV SIMS (variation in r2). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection depth/cone depth= edep 
and cylinder/fragmentation depth= frag. depth. 
 
A further depth resolution study on keV cluster SIMS and MeV-SIMS with variation in 
cone radius was performed using Monte Carlo simulation model. There were 3 sets of 
parameters used with variation in cone radius (r2=8, 10 & 12). The 
fragmentation/cylindrical depth of 15 was used for keV cluster SIMS and 150 for MeV-
SIMS. The cylindrical/fragmentation radius was fixed to 5. Ten series of multilayer 
samples model with variation in layer 2 thickness (layer 2= 20 to 200) were sputtered with 
each conical ejection model 1, 2 and 3. Multilayer sample dimensions were the same as in 
Figure 3.9 except the total thickness was changed to 500 and the first layer was fixed to 
40. Total simulation time was 5000. The parameters used are shown in Table 4.5 and all 
data are in the same arbitrary units.  
 
 
 
 
 
 
 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 5 8 15 15/150
Conical Ejection Model 2 5 10 15 15/150
Conical Ejection Model 3 5 12 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 20 440 500
Multilayer Sample Model 2 40 40 420 500
Multilayer Sample Model 3 40 60 400 500
Multilayer Sample Model 4 40 80 380 500
Multilayer Sample Model 5 40 100 360 500
Multilayer Sample Model 6 40 120 340 500
Multilayer Sample Model 7 40 140 320 500
Multilayer Sample Model 8 40 160 300 500
Multilayer Sample Model 9 40 180 280 500
Multilayer Sample Model 10 40 200 260 500
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Figure 4.13 keV cluster SIMS of thicknesses from intact and fragments (variation in r2) 
at fixed depth delta layer 40 units as a function of 10 different thicknesses (20 units to 
200 units). Parameters used are as in Table 4.5. 
 
Variations of ‘r2’ for keV cluster SIMS of thicknesses from intact and fragments at fixed 
depth delta layer 40 as a function of 10 different thicknesses are shown in Figure 4.13. 
Cone sizes of 8 and 10 units are able to give reasonable thickness information starting from 
thickness= 80 units and more where the orange and red plots are closely matched with the 
black actual thickness plot. Cone radius of 12 units is considered to be quite large for 
sputtering and loses thickness accuracy as can be seen from the purple line. Anything 
below 60 units is too thin to be measured by this conical ejection model’s dimension and 
resolution for the thinnest layer of 20 units is the worst which is measured at ~40 units. 
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Figure 4.14 keV cluster SIMS of depths from intact and fragments (variation in r2) at 
fixed depth delta layer 40 units as a function of 10 different thickness (20 units to 200 
units). Parameters used are as in Table 4.5. 
 
Variation of ‘r2’ for keV cluster SIMS of depths from intact and fragments at a fixed depth 
delta layer 40 as a function of 10 different thicknesses are shown Figure 4.14. Referring to 
the red and orange square plot above, the cone size of 8 and 10 units are able to give good 
‘depth from intact’ information starting from thickness= 120 to 200 units and closely 
matched the black actual depth of 40 units. The ‘depth from fragments’ however are ~6 
units off the actual depth from ~40 units to ~ 35units. Layer 2 thicknesses below than 120 
units for both intact and fragment species are too thin to be sputtered and can be seen 
eroded further off the actual depth and the thinnest the layer for measurement the poorest 
the resolution become. As an example ‘depth from intact’ for layer 2 = 100 units are 
measured at ~ 39 units depth but layer 2 = 20 units are at depth of 28 units. For the largest 
cone radius of 12 units (purple plot) the erosion of materials from the surface are too quick 
and shifted ‘depth from intact’ and ‘depth from fragments’ by about 5 to 6 units off from 
the actual depth respectively. 
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Figure 4.15 MeV SIMS of thicknesses from intact and fragments (variation in r2) at fixed 
depth delta layer 40 units as a function of 10 different thickness (20 units to 200 units). 
Parameters used are as in Table 4.5. 
Undoubtedly MeV-SIMS Monte Carlo simulation uses a long fragmentation depth of 150 
units and engenders substantial surface roughness and topography where the sputtering of 
the intact species are mostly unable to predict information for the buried layer 2 thickness 
as shown with the square plot in Figure 4.15. Layer 2 actual thicknesses are ranging from 
20 units to 200 units but the measured thicknesses stay at ~  50 to ~ 60 units for all cone 
radii of 8 units (red square plot), 10 units (orange square plot) and 12 units (purple square 
plot). On the other hand layer 2 resolution for broken species of more than 70 units are 
good and fit the actual thickness plot (the black plot) but anything below than that is 
difficult to measure and sputtering with the largest cone radius of 12 units (the purple 
triangle plot) makes the thickness resolution a bit off from the actual thickness plot. The 
good thing is the conical ejection dimensions used for simulation in this section are nearly 
successful to depth profile the buried layer 2 of 60 units and provide desirable information 
from sputtered material of both intact and broken species. 
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Figure 4.16 MeV SIMS of depths from intact and fragments (variation in r2) for fixed 
depth delta layer at 40 units as a function of 10 different thickness (20 units to 200 units). 
Parameters used are as in Table 4.5. 
 
Figure 4.16 is a MeV-SIMS Monte Carlo simulation result for depth measurement using 
different sizes of cone radius (r2=8, r2=10 & r2=12) at fixed depth delta layer 40 units as 
a function of 10 different thicknesses. The ‘depth from intact’ curve for buried layer 2 
thicknesses from 20 units up to 200 units using a cone radius of 8 units (the red square 
plot) manage to perfectly start eroding material from the actual depth of 40 units (black 
plot). Layer 2>40 units resolutions using cone radii of 10 units (orange square plot) and 12 
units (purple square plot) however sputter intact species 5 units and 10 units earlier than 
the actual depth which are at 35 units and 30 units depth respectively. This shows smaller 
cone gives better depth resolution and layer 2 thickness of 20 units is too thin to be 
measured. The‘depth from fragments’ resolutions for layer 2>120 units using r2=12 units 
(purple triangle plot) is ~34 units while for r2=10 units (orange triangle plot) it becomes 3 
steps better to ~ t37 units unfortunately the depth resolution cannot be any better than this 
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even when making the cone radius smaller where for r2=8 units (red triangle plot) the depth 
measurements fixed at ~37 units. Buried layer 2 thinner than 120 units reduces its 
resolution in a few steps and the thinnest layer 2 of 20 units has the poorest depth resolution 
among all. 
 
4.3. Variation in Cylindrical and Cone Depth (frag. depth and edep) 
 
Cylindrical depth/fragmentation depth and cone/ejection depth determine how deep 
material can be fragmented and sputtered during Monte Carlo simulation on a multilayer 
sample as explained in the previous section. Cylindrical/fragmentation depth for keV 
cluster SIMS is shorter compared to MeV-SIMS where it has a very long cylindrical track. 
The amount of material that can be sputtered from the ejection cone may vary according 
to the ejection depth provided other dimensions are fixed. The larger the value of the 
ejection depth the higher the probabilities of sputtering and the larger the fragmentation 
depth the higher the probabilities of the material impacted by this ejection cone become 
fragmented. 
 
 
Table 4.6 Cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV SIMS (variation in edep and frag. depth). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection/cone depth= edep and 
cylinder/fragmentation depth= frag. depth. 
 
 
 
 
Conical & Cylindrical Dimension  (keV Cluster SIMS) r1 r2 edep frag. depth
Conical Ejection Model 1 5 10 10 10
Conical Ejection Model 2 5 10 15 15
Conical Ejection Model 3 5 10 20 20
Conical & Cylindrical Dimension  (MeV SIMS) r1 r2 edep frag. depth
Conical Ejection Model 4 5 10 10 150
Conical Ejection Model 5 5 10 15 150
Conical Ejection Model 6 5 10 20 150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 50 410 500
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A series of six simulations with variation of cylindrical and cone depth on a multilayer 
sample were performed and the parameters are tabulated in Table 4.6. Note that cylindrical 
depth and cone depth for keV cluster SIMS are always the same length. The cylindrical 
and cone radius was fixed to 5 and 10 respectively. Multilayer sample dimensions were the 
same as in Figure 3.9 except the total thickness was changed to 500 with layer 1 of 40, 
layer 2 of 50 and layer 3 of 410. Total simulation time was 5000. All data are in the same 
arbitrary units. 
 
 
Table 4.7 Number of material and layer ejected per time step for Monte Carlo simulation 
of keV cluster SIMS and MeV-SIMS on a multilayer sample (variation in edep). Cone 
depth/ejection depth= edep. 
 
The total amount of material ejected per time step depends on the conical area and the 
bigger conical ejection volume promotes higher sputtering rate. Variation of ‘edep’ 
changes the total amount of material sputtered which means each simulation sputters a 
different amount of material per time step. Table 4.7 shows sputtering information for the 
3 different shapes of ejection cone (calculations were explained earlier). Conical ejection 
model 3 and 6 have the longest ejection cone of 20 units and with fixed cylindrical radius 
of 5 units and conical radius of 10 units total number of material ejected per time step is 
22160 species which is equivalent to 0.14 layers ejected per time step. 
 
 
Conical & Cylindrical Dimension Species Ejected/time step layer ejected/time step
Conical Ejection Model 1&3 (edep=10) 11500 0.07
Conical Ejection Model 2&4 (edep=15) 17230 0.11
Conical Ejection Model 3&6 (edep=20) 22160 0.14
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Figure 4.17 Intensity of intact and broken molecular species detected for buried layer 2= 
50 units from keV cluster SIMS and MeV-SIMS Monte Carlo simulation using parameters 
in Table 4.6 (variation in edep). Cylindrical depth= edep. 
 
A long cylindrical depth means a longer ejection cone (edep) and the longer the value of 
‘edep’ the more broken molecules and the smaller number of intact molecules will be 
detected as in Figure 4.17 for keV cluster SIMS but an inverse situation for MeV-SIMS 
(fragmentation depth=150 units) with less broken molecules and more intact molecules are 
sputtered. Variation in the parameter ‘edep’ doesn’t give large differences to the total 
amount of material ejected between each case shown in figure above (intact and broken 
species for keV cluster SIMS and MeV-SIMS). This is due to the enlargement of the length 
of the cone and overall this doesn’t promote much change to the amount of sputtering 
between intact and broken species. It is understood that the long cylindrical track of 150 
units breaks all material along the track and this makes a large difference between the ratio 
of intact and broken species especially for the MeV-SIMS simulation where most of the 
material sputtered are fragments. Other than the largest area of ejection cone with ‘edep’= 
20 units sputters nearly 10 times more intact species from keV cluster SIMS impacts 
compared to MeV-SIMS. 
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Parameters for the Monte Carlo simulations in Table 4.6 show similar trends for both keV 
cluster and MeV projectiles. The buried layer 2 signal starts and ends at different time 
because with variations in the cone size different amount of materials are sputtered per 
time step. Increasing ‘edep’ causes an increase in the breadth of the apparent layer 
thickness as shown in Figure 4.18 to Figure 4.21 for both intact and broken species of keV 
cluster SIMS and MeV SIMS Monte Carlo simulation. Sputtering by continued random 
removal of conical sections leads to the development of substantial topography and 
roughness on the material surface. In the case of keV cluster SIMS simulation, the longer 
ejection cone bombardment generates an increase to the trailing edge roughness for both 
intact and broken species signal compared to the shorter ejection cone. This is predictable 
because the long track creates more breakage.  
For the MeV-SIMS simulation, longer ejection cone produces an increase in the trailing 
edge roughness for the broken species signal and a decrease in the intact species signal. 
The inverse happens for a shorter ejection cone as it reduces the area for fragmentation 
hence the trailing edge roughness for the broken species also reduces. The undamaged area 
is now larger and this makes the trailing edge roughness for the intact species increases. 
The surface roughness can also be observed from Figure 4.22. 
Figure 4.22 shows comparison on surface roughness (snap shots) between keV cluster 
SIMS and MeV-SIMS Monte Carlo conical ejection model simulations at time where 
erosion is going through layer 2 of ~25 units. At this stage there are more intact molecules 
(dark blue for type 1 and red for type 2) and less broken molecules (light blue for type 1 
and yellow for type 2) can be seen on the keV cluster SIMS surface. Conversely intact 
molecules appeared to be lower with the same length of ‘edep’ (15 units) but a longer 
fragmentation depth of 150 units for MeV-SIMS simulation. The long cylindrical 
fragmentation depth breaks most of the intact molecules leaving the surface full of 
fragments and the sample surface is covered by roughness and topography. 
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Figure 4.18  keV cluster SIMS of intact type 2 when edep & frag.depth = 15 units and 
edep= 10 units for layer 1= 40 units, layer 2= 50 units and layer 3= 410 units. 
Parameters used are as in Table 4.6. 
 
 
Figure 4.19 keV cluster SIMS of broken type 2 when edep & frag. depth= 15 units and 
edep= 10 units for layer 1= 40 units, layer 2= 50 units and layer 3= 410 units. 
Parameters used are as in Table 4.6. 
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Figure 4.20 MeV SIMS of intact type 2 when edep= 15 units and edep= 10 units for layer 
1= 40 units, layer 2= 50 units and layer 3= 410 units. Parameters used are as in Table 
4.6. 
 
 
Figure 4.21 MeV SIMS of broken type 2 when edep= 15 units and edep= 10 units for 
layer 1= 40 units, layer 2= 50 units and layer 3= 410 units. Parameters used are as in 
Table 4.6. 
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Figure 4.22 Comparison on surface roughness (snap shot) for keV cluster SIMS and MeV 
SIMS Monte Carlo conical ejection model using r1=5 units, r2=10 units, edep=15 & frag. 
depth= 15 units for keV cluster and 150 units dor MeV SIMS. Layer 1= 80 units, layer 2= 40 
units and layer 3= 120 units. 
 
 
 
 
 
 
 
 
 
 
 
Intact type 1 molecule 
Broken type 1 molecule 
Intact type 2 molecule 
Broken type 2 molecule 
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 Depth Resolution Analysis (Variation in Cone Depth) 
 
 
Table 4.8 Cone dimensions and sample thicknesses for Monte Carlo simulation for depth 
resolution analysis of keV cluster SIMS and MeV SIMS (variation in edep & frag. depth). 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection depth/cone depth= edep 
and cylinder/fragmentation depth= frag. depth. 
 
A depth resolution study on keV cluster SIMS and MeV-SIMS with variation in cone and 
cylindrical depth was performed using the Monte Carlo simulation model. There were 3 
sets of parameters used with variation in cone depth (edep = 10, 15, 20). The 
fragmentation/cylindrical depth for keV cluster SIMS follows its cone depth value while 
the MeV SIMS ‘frag. depth’, cylindrical radius and cone radius were fixed to 150, 5 and 
10 respectively. Ten series of multilayer samples with variation in layer 2 thickness (layer 
2= 20 to 200) were sputtered with each conical ejection model 1, 2 and 3. Multilayer sample 
dimensions were the same as in Figure 3.9 except the total thickness was changed to 500 
and the first layer was fixed to 40. Total simulation time was 5000. The parameters used 
are shown in Table 4.8 and all data are in the same arbitrary units.  
  
 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 5 10 10 10/150
Conical Ejection Model 2 5 10 15 15/150
Conical Ejection Model 3 5 10 20 20/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1 40 20 440 500
Multilayer Sample Model 2 40 40 420 500
Multilayer Sample Model 3 40 60 400 500
Multilayer Sample Model 4 40 80 380 500
Multilayer Sample Model 5 40 100 360 500
Multilayer Sample Model 6 40 120 340 500
Multilayer Sample Model 7 40 140 320 500
Multilayer Sample Model 8 40 160 300 500
Multilayer Sample Model 9 40 180 280 500
Multilayer Sample Model 10 40 200 260 500
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Figure 4.23 keV cluster SIMS of thicknesses from intact and fragments (variation in cone 
depth) at fixed depth delta layer 40 units as a function of 10 different thicknesses (20 
units to 200 units). Parameters are as in Table 4.8. 
 
Variation in cone depth for keV cluster SIMS of thicknesses from intact and fragments at 
fixed depth delta layer 40 as a function of 10 different thicknesses are shown in Figure 
4.23. Buried layer 2 thicknesses of 100 to 200 units are measured correctly with conical 
depth of 15 (orange plot) and 20 units (red plot) and anything below that are shifted few 
steps further off the actual thickness plot (black plot). Thicker materials are able to 
overcome the roughness generated and easier to measure compared to thinner material. A 
shallower ejection depth of 10 units (purple plot) creates less breakage to the sample and 
this enables good thickness measurement for example layer 2 of 80 units is measured 
accurately with ‘edep’ of 10 units however for thicker material it becomes slightly off from 
the actual thickness plot ( see Figure 4.24 and Figure 4.25). 
keV cluster SIMS depth measurements of intact and broken species at fixed depth delta 
layers of 40 units as a function of 10 different thicknesses ( 20 units to 200 units) for 
ejection depth of 10, 15 and 20 are shown in Figure 4.24 and Figure 4.25. ‘Depth from 
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intact’ for  ‘edep’=15 units (orange square plot) at thicker layer 2 more than 120 units are 
reasonably close to the actual thickness of 40 units  (black plot) while ‘depth from 
fragment’ (orange triangle plot) are at ~35 units depth and anything below than that 
difficult to measure and gives poor depth resolution. Longer cone depths have higher 
sputtering rates therefore ‘edep’ of 20 units (red plot) shifted the depth information a few 
steps to the surface. A cone depth of 10 units (purple plot) for layer 2 thickness more than 
50 units gives uncorrelated data and can be assumed that although better resolution can be 
achieved with shallower ‘edep’ but there is a threshold and it cannot perform any better 
when this limit is reached.  
 
Figure 4.24 keV cluster SIMS of depths from intact (variation in cone depth) at fixed 
depth delta layer 40 units as a function of 10 different thicknesses (20 units to 200 units). 
Parameters are as in Table 4.8. 
 
Figure 4.25 keV cluster SIMS of depths from fragments (variation in cone depth) at fixed 
depth delta layer 40 units as a function of 10 different thicknesses (20 units to 200 units). 
Parameters are as in Table 4.8. 
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Figure 4.26 MeV-SIMS of thicknesses from intact and fragments (variation in cone 
depth) at fixed depth delta layer 40 units as a function of 10 different thicknesses (20 
units to 200 units). Parameters are as in Table 4.8. 
 
MeV-SIMS Monte Carlo simulation results for thickness measurements from intact and 
broken species at fixed depth delta layer 40 units as a function of 10 different thicknesses 
from 20 units to 200 units in step of 20 are shown above. Conical ejection simulations of 
broken species (triangle plot) for layer 2 are in good correlation with the actual thickness 
(black plot) for 120 units and above. Anything thinner than that are few steps widened from 
the actual thickness and the resolution becomes worse when it reaches thin material layer 
2 of 50 units and below. This is because the amount of material sputtered is not sufficient 
for measurement and the present of surface roughness leads to poor depth resolution and 
the longer the ‘edep’ the further layer 2 broadens away from the actual thickness.  
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There is mostly no thickness information from intact species (square plot) due to the long 
breakage cylinder of the MeV-SIMS has fragmented all the material below the surface and 
only fragments are remain to be sputtered. However layer 2 thickness of 60 units and 40 
units sputtered with ‘edep’ of 15 units (orange square plot) and 10 units (purple square 
plot) are fit with the actual thickness black plot. This is a unique situation that there is a 
possibility of certain conical ejection model dimension may able to sputter intact species 
from a material of analysis.  
A shallow ejection depth of 10 units (purple triangle plot) is projected to give similar data 
pattern to ‘edep’= 15 units (orange triangle plot) & 20 units (red triangle plot) when 
sputtering layer 2 from 10 units to 200 units and with better depth resolution for ‘thickness 
from fragments’ however for thickness of 100 units and more ‘edep’=10 units started to 
give measurement that are few units off the actual thickness (Figure 4.26). As mentioned 
before although shallow ejection depth is good but there is a limit where if it goes over that 
limit a good thickness resolution cannot be reached anymore. 
Figure 4.27 is a depth resolution results from MeV-SIMS of depths from intact (variation 
in cone depth) at fixed depth delta layer 40 units as function of 10 different thicknesses in 
steps of 20 from 20 units to 200 units. Depth from intact species shows good correlation 
for all dimension of ejection depth with ‘edep’=10 units (purple plot) closest to the actual 
depth but the long fragmentation depth is just not going to help with the resolution of the 
intact species sputtered from layer 2’. The best depth resolution achieved at 37 units and 
this is seen shifted 2 units to the surface when sputtering with ejection depths of 15 units 
(orange plot) and 20 units (red plot) for layer 2 thicknesses measurement of 50 units and 
more. 
Referring to Figure 4.28 depth from sputtering layer 2 of 120 units to 200 units thicknesses 
using conical ejection depth of 15 units (orange plot) are at ~37 units. The depth resolution 
reduces with thinner layer 2 hence layer2=20 units is measured at depth ~24 units instead 
of 40 units (black plot). A longer ejection depths of 20 units (red plot) have higher 
sputtering rate and this made erosion of layer 2 started earlier by a few units depths.  
Sputtering by ejection depth of 10 units (purple plot) shows the same pattern for layer 2 
less than 60 units and produces better depth resolution but the depths measured stay at ~ 
33 units for layer 2 thicker than 60 units which is not as expected and again this could 
probably due to the fact that ‘edep’ that has gone over the limit (‘edep’ is too short). 
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Figure 4.27 MeV-SIMS of depths from intact (variation in cone depth) at fixed depth 
delta layer 40 units as a function of 10 different thicknesses (20 units to 200 units). 
Parameters are as in Table 4.8. 
 
 
Figure 4.28 MeV-SIMS of depths from fragments (variation in cone depth) at fixed depth 
delta layer 40 units as a function of 10 different thicknesses (20 units to 200 units). 
Parameters are as in Table 4.8. 
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4.4. Fixed Depth Delta Layer as a Function of Thickness 
 
 
Table 4.9 Cone dimensions and sample thicknesses for keV cluster SIMS and MeV-SIMS 
Monte Carlo simulation for fixed depths delta layer 2 at 20, 40 and 60 as a function of 
thickness. Layer 2=10 to 200 in steps of 10. The total thickness is 500. 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection depth/cone depth= edep 
and cylinder/fragmentation depth= frag. depth. 
 
Fixed delta layer as a function of thickness analysis was performed using keV cluster SIMS 
and MeV-SIMS Monte Carlo simulation. Fragmentation/cylindrical depth of 15 was used 
for keV cluster SIMS and 150 for MeV-SIMS. The cylindrical radius, cone radius and cone 
depth were 5, 10 and 15 respectively. Twenty series of multilayer samples with variation 
in layer 2 thickness (layer 2= 10 to 200 in steps of 10) were sputtered with randomised 
bombardment of conical ejection model above. Multilayer sample dimensions were the 
same as in Figure 3.9 except the first layer thickness was kept fixed to 20, 40 and 60 for 
each set of simulation with total thickness of 500 and the total simulation time was 5000. 
The parameters used are tabulated in Table 4.9 and all data are in the same arbitrary units. 
This section will look at the effect of increasing the thickness of layer 2 of the multilayer 
sample while keeping the thickness of ‘layer 1’ constant. 
 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 5 10 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1-60 20/40/60 10-200 in steps of 10 500-layer1&2 500
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Figure 4.29  keV cluster SIMS of sputtered intact type 2 molecule for fixed depth delta 
layer 20, 40 and 60 units as a function of thickness (10 units – 200 units). Only results in 
steps of 20 units are shown. Parameters used are as in Table 4.9. 
 
Figure 4.30 MeV-SIMS of sputtered intact type 2 molecule for fixed depth delta layer at 
20, 40 and 60 units as a function of thickness (10 units – 200 units). Only results in steps 
of 20 units are shown. Parameters used are as in Table 4.9. 
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Figure 4.29 is a depth profiling results of intact layer 2 species from conical ejection model 
of keV cluster SIMS for the multilayer sample of fixed depth delta layers 20, 40 and 60 
units as a function of layer 2 thickness (10 to 200 units). The simulation results formed 
Gaussian like patterns representing series of different thicknesses of buried layer 2 on three 
different depths. Sputtered species intensity increases as a function of depth and saturates 
when eroding thicker material of ~ 140 units and more and this is an indication that the 
signal has successfully reached the desired thickness of layer 2. The signal intensity 
became wider as it sputter thicker materials but there is also broadening affect occur that 
is due to surface roughness and topography that degrades the signal from the actual depth. 
Similar pattern can be observed for the broken species signal but the maximum intensity 
at about 10,000 units compared to 7000 units for intact species. 
The same behaviour can be expected from MeV-SIMS Monte Carlo simulation depth 
profiling for broken layer 2 species except the signal intensity increases and saturates at 
higher intensity of ~ 18000 units and this indicates that sputtering with MeV-SIMS conical 
ejection model generates a larger number of fragments compared to keV cluster SIMS. On 
the other hand the intact material type 2 of MeV-SIMS simulation depth profiling starts 
overlapping with each other when the layer 2 material is thicker than 30 units as in Figure 
4.30. We can conclude that by using long cylindrical fragmentation depths the amount of 
intact species available for sputtering reduces and hence lowers the sputtered signal 
intensity and the depth resolution. Depth resolution analysis is presented in Figure 4.32 
and Figure 4.34. 
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Figure 4.31 keV cluster SIMS of thicknesses from intact and fragments for fixed depth 
delta layer at 20 (red), 40 (orange) and 60 units (purple) as a function of  thickness (10 
units – 200 units). Parameters used are as in Table 4.9. 
 
Thickness measurements from intact and broken species for fixed delta layers of 20, 40 
and 60 units as a function of a series of thicknesses from 10 units to 200 units in steps of 
10 for keV cluster SIMS are shown above. The results show buried layer 2 thicknesses of 
100 units and above can be measured and lie reasonably close to the actual thickness plot 
(black plot) but anything below that are shifted further away from the black plot as layer 2 
thickness decreases. Furthermore the deeper the location of the buried layer 2 inside the 
multilayer sample the harder it takes to get near the actual thickness of the black line plot. 
Layer 2 of 50 units thickness at depths of 60 units (purple plot) is measured wider at ~68 
units but the thickness measurement is better to ~55 units when located at depths of 20 unit 
(red plot). To conclude the ejection model takes some time to get rid of the data broadening 
issues before managing to sputter the actual thickness of the buried layer 2 species that is 
why thicker materials are easier to fit with the actual thickness black plot.  
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Figure 4.32 MeV SIMS of thicknesses from intact and fragments for fixed depth delta 
layer at 20 (red), 40 (orange) and 60 units (purple) as a function of thickness (10 units – 
200 units). Parameters used are as in Table 4.9. 
MeV-SIMS Monte Carlo simulation thickness measurements from intact and fragments 
for a fixed depth delta layer (at 20, 40 and 60 units) as a function of thickness (10 units to 
200 units in steps of 10) are shown in Figure 4.32. A similar pattern to keV cluster SIMS 
can be seen for ‘thickness from fragments’ (triangle plot) for all cases of depth 20, 40 and 
60 units. The data are close to the actual thickness (black plot) for buried layer 2 
thicknesses of 100 units and more and the deeper the position of layer 2 in the multilayer 
sample the further the data are broadened and shifted from the actual thickness plot. As 
predicted the long fragmentation track of high energy ions promotes large area of 
roughness. As a result materials available for sputtering consists mostly of broken species 
hence thickness information (square plot) is unable to be resolved by the limited number 
of intact species left in the sample. Note that there is a situation where the conical ejection 
model dimension has a good correlation with the buried layer 2 thicknesses of 50 units at 
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depths of 20 units (red plot)  and 60 units at depths of 40 units (orange plot) which make 
‘thickness from intact’ data possible to be measured as shown above.  
Depth measurements from intact and broken species for a fixed delta layer of 20, 40 and 
60 units as a function of a series of thicknesses from 10 units to 200 units in steps of 10 for 
keV cluster SIMS are shown Figure 4.33. Layer 2 materials thicker than 130 units produce 
good depth resolutions especially when sputtering intact species (square plot) for all three 
cases above (depth at 20, 40 and 60 units). This is probably because keV cluster SIMS has 
higher probability to impact fresh areas when eroding thick material. Materials less thick 
than that are however difficult to measure but having thinner material close to the surface 
is easier to sputter compared to those that is located deeper in the multilayer sample. For 
example layer 2 thicknesses between 70 units to 120 units which are located at depth of 20 
units (red square plot) give better depth resolution than those located at a depth of 60 units 
(purple square plot). Thinner buried layer 2 located near the surface generates less 
roughness and leads to better depth resolution. 
Depth information from broken species (triangle plot) of layer 2 materials are shifted few 
steps from the intact species (square plot) and this is as expected as the presence of 
cylindrical track together with the ejection cone fragmented the available species and 
sputter them when eroding the sample. Thicker material of 100 units and more are at about 
5 steps away from the actual depth (straight line). Other materials thinner than this provide 
poor depth resolution as they are broadened away from the actual thickness especially for 
thin buried layer 2 of 10 units and as it located deeper at depths 60 units (purple triangle 
plot) the depth resolution dropped to ~38 units.  
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Figure 4.33 keV cluster SIMS of depths from intact and fragments for fixed depth delta 
layer at 20 (red), 40 (orange) and 60 units (purple)  as a function of thickness (10 units – 
200 units). Parameters used are as in Table 4.9. 
 
MeV-SIMS Monte Carlo simulation thickness measurements from intact and fragments 
for a fixed depth delta layer (at 20, 40 and 60 units) as a function of thickness (10 units to 
200 units in steps of 10) are shown in Figure 4.34. Earlier Figure 4.30 shows depth profiling 
of intact species and they looked bad and not much information can be discerned due to 
the long fragmentation depth of 150 units. The depth resolution plots show 40 units 
thickness of layer 2 and anything thicker are ~5 units shifted from the actual depth (straight 
line). Better depth resolution can be observed at a depth of 60 units which is only 2 units 
off from the actual depth (purple square plot). 
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The conical ejection model applied to thicker material produces more breakage and 
therefore a higher probabilities that fragmented species are sputtered. Depth information 
measured for broken species of thick layer 2 materials of 130 units and more are not too 
bad which are at 17 (red triangle plot), 37 (orange triangle plot) and 56 units (purple 
triangle plot) for actual depths of 20, 40 and 60 units respectively. On the other hand the 
thinner thickness of layer 2 the further the depth broadened to the surface and depth 
resolutions for thin layer 2 located at depth of 20 units (red triangle plot) are better than 
those located deeper into the sample. Say for thickness layer 2 of 50 units the depth 
resolutions are 6.5 (red triangle plot), 9 (orange triangle plot) and 11 units (purple triangle 
plot) shifted off from the actual depth of 20, 40 and 60 units respectively. This is just 
because of the broadening issues where topography development and surface roughness 
are less generated in the surface and more when going deeper into the multilayer sample. 
 
Figure 4.34 MeV SIMS of depths from intact and fragments for fixed depth delta layer at 
20 (red), 40 (orange) and 60 units (purple) as a function of thickness (10 units – 200 
units). Parameters used are as in Table 4.9. 
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4.5. Fixed Thickness Delta Layer as a Function of Depth 
 
 
 
Table 4.10 Cone dimensions and sample thicknesses for keV cluster SIMS and MeV SIMS 
Monte Carlo simulation for fixed thickness delta layer 2 as a function of depths from 10 
to 200 in steps of 10. Layer 2 are either 10, 50 100 and 150. The total thickness is 500. 
Cylindrical/fragmentation radius= r1, cone radius= r2, ejection depth/cone depth= edep 
and cylinder/fragmentation depth= frag. depth. 
 
An analysis of fixed thickness delta layer as a function of depth was performed using keV 
cluster SIMS and MeV-SIMS Monte Carlo simulation. Fragmentation/cylindrical depth of 
15 was used for keV cluster SIMS and 150 for MeV-SIMS. The cylindrical radius, cone 
radius and cone depth were 5, 10 and 15 respectively. Multilayer sample dimensions were 
the same as in Figure 3.9 except the thickness information are varies. Twenty series of 
multilayer samples model with fixed thickness layer 2 of 10, 50, 100 and 150 units were 
randomly sputtered at depths from 10 to 200 in steps of 10. The total thickness is 500 and 
total simulation time was 5000. The parameters used are illustrated in Table 4.10 and all 
data are in the same arbitrary units. 
Conical & Cylindrical Dimension r1 r2 edep frag. depth
Conical Ejection Model 1 5 10 15 15/150
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 1-60 10-200 in steps of 10 10/50/100/150 500-layer1&2 500
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Figure 4.35 keV cluster SIMS of sputtered intact type 2 molecule for fixed thickness delta 
layer 10, 50, 100 and 150 units as a function of depth (10 units – 200 units). Only results 
in steps of 20 units are shown. Parameters used are as in Table 4.10. 
 
Figure 4.36 MeV SIMS of sputtered intact type 2 molecule for fixed thickness delta layer 
10, 50, 100 and 150 units as a function of depth (10 units – 200 units). Only results in 
steps of 20 units are shown. Parameters used are as in Table 4.10. 
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Figure 4.35 shows depth profiling results of intact type 2 species from the conical ejection 
model of keV cluster SIMS for the multilayer sample of fixed thickness delta layers of 10, 
50, 100 and 150 units as a function of depths 10 to 200 units ( in steps of 10 units). There 
are four groups of data patterns that can be seen with the lowest intensity (less than 2000 
units) is data from sputtering layer 2 thickness of 10 units and the highest intensity (less 
than 7,000 units) is from the thickest layer 2 of 150 units. The peak intensity of the 
Gaussian curves are seen reducing as they go deeper into the material for all 4 types of 
fixed thicknesses. This shows the ejection model loses the intensity to sputter layer 2 
material as it goes deeper into the multilayer sample and this is due to extensive amount of 
breakage generated with increases number of impacts compared to when layer 2 is in the 
shallower location. Also can be seen that 10 units of layer 2 is too thin to be used for 
analyses.  
Depth profiling results for keV cluster SIMS and MeV-SIMS of sputtered broken type 2 
species for fixed thickness delta layer 2 of10, 50 100 and 150 units as a function of depths 
from 10 units to 200 units in steps of 10 show the same behaviour as depth profiling of 
sputtered intact type 2 by keV cluster SIMS Monte Carlo simulation where the intensity of 
sputtering drops at deeper location of layer 2 in the multilayer sample.  
MeV-SIMS simulations on fixed thickness of layer 2 for intact species depth profiling are 
shown in Figure 4.36. The long cylindrical of fragmentation track damages all the material 
underneath and as a result there is no more intact species that can be sputtered when layer 
2 thickness is more than 50 units as shown by the overlapped plots (layer 2= 100 & 150 
units). Furthermore as expected the sputtering intensity reduces as a function of depth from 
10 units to 200 units and the intensity of buried layer 2 located at depths of more than 60 
units are full of roughness and complex to measure and have intensity only less than 80 
units of intact species.  
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Figure 4.37  keV cluster SIMS of thicknesses from intact and fragments for fixed 
thickness delta layer 10 (green), 50 (purple), 100 (red) and 150 units (orange) as a 
function of depth (10 units – 200 units). Parameters used are as in Table 4.10. 
 
Thickness measurements from intact and broken species for fixed thickness delta layers of 
10, 50, 100 and 150 units as a function depth from 10 units to 200 units in steps of 10 for 
keV cluster SIMS are shown above. The total number of ejection model impacts increases 
at higher depth so does the build of topography which leads to higher degree of roughness. 
Therefore the thickness information is bad when moving buried layer 2 deeper into the 
multilayer sample and layer 2 of 10 (green plot) and 50 units (purple plot) are just not 
comparable with their actual thicknesses plots (green and purple straight line plots). Layer 
2 of 150 units (orange plot) manages to fit the actual thickness (orange straight line plot) 
for up to a depth of 40 units before starting to broaden away because the thicker material 
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has a larger area of topography development and the surface roughness increases when 
going deeper into the multilayer sample. 
 
Figure 4.38 MeV SIMS of thicknesses from intact for fixed thickness delta layer 10 
(green), 50 (purple), 100 (red) and 150 units (orange) as a function of depth (10 units – 
120 units). Parameters used are as in Table 4.10. 
 
Figure 4.38 is a result from MeV-SIMS simulation of intact species for fixed thickness 
delta layers of 10, 50, 100 and 150 units as a function of depth from 10 units to 120 units 
in steps of 10. Thickness data for thicker buried layer 2 material of 100 (red square plot) 
and 150 units (cannot be seen) are overlapping with layer 2 of 50 units (purple square plot) 
while data observed for layer 2 of 10 (green square plot) and 50 (purple square plot) units 
are not comparable with the actual depth plots (green and purple straight line plots). 
However some good information can be seen for layer 2=50 units at depths of 20 and 30 
units. Information from depth of more than 120 units are governed by roughness with less 
intensity and are hence hard to measure. As mentioned before with a long cylindrical track 
of MeV-SIMS ejection model, materials available for sputtering are mostly broken species.  
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Figure 4.39 MeV SIMS of thicknesses from fragments for fixed thickness delta layer 10 
(green), 50 (purple), 100 (red) and 150 units (orange) as a function of depth (10 units – 
200 units). Parameters used are as in Table 4.10. 
 
Figure 4.39 shows MeV-SIMS simulations of thicknesses from fragments for a fixed delta 
later (10, 50, 100 & 150 units) as a function of depth (10 – 200 units). The above data from 
fragments species demonstrate similar behaviour to keV cluster SIMS where poor 
thickness information is observed when buried layer 2 is located deeper into the multilayer 
sample and data from layer 2 thicknesses of 10 (green triangle plot) and 50 (purple triangle 
plot) units are not comparable at all to the actual thickness (green and purple straight line 
plots) except for the thin layer 2 of 10 units at depth of 10 units. This is due to an increase 
in surface roughness formed at a deeper location and thicker layer 2 gives better resolution 
as it has a bigger area to sputter fragments. For example layer 2 of 100 units (red triangle 
plot) located at depths of 70 units is few units broaden from the actual thickness (red 
straight line plot) but layer 2 of 150 units is good and fits the actual thickness (orange 
straight line plot). 
 
4 Simulation Results and Analysis 
 
89 
  
 
Figure 4.40 keV cluster SIMS of depths from intact and fragments for fixed thickness 
delta layer 10 (green), 50 (purple), 100 (red) and 150 units (orange) as a function of 
depth (10 units – 200 units). Parameters used are as in Table 4.10. 
 
Figure 4.40 is a summary of a set of keV cluster SIMS simulations to determine the depth 
resolution  from intact and fragments of fixed thicknesses delta layer 10, 50, 100 and 150 
units as a function of depth (10 units-200 units). The measured depth based on the data 
from both intact and broken species are in good agreement with each other and the best 
resolution can be observed from the thickest ‘layer2’ of 150 units although the depth 
resolution can be seen to be a bit off when moving layer 2 deeper into the multilayer 
sample. A higher degree of roughness occurs at the deeper location and thinner materials 
have a lower intensity and are difficult to measure. Sputtering at depth of 200 units made 
layer 2 of 150 units depths (orange plot) is ~2 units off the actual thickness plot (black plot) 
while layer 2 of 10 units depths (green plot) is broadened to ~60 units depths and when 
layer 2 of 150 units is located near to the surface at depths of 40 units and below, good 
depth resolution can be achieved.  
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Figure 4.41 MeV-SIMS of depths from intact for fixed thickness delta layer 10 (green), 50 
(purple), 100 (red) and 150 units (orange) as a function of depth (10 units – 200 units). 
Parameters used are as in Table 4.10. 
 
MeV-SIMS of depths from intact for fixed thickness delta layer 10, 50, 100 and 150 units as a 
function of depths from 10 units to 200 units in steps of 10 are shown above. The thickness 
information for all cases above are bad but their depth resolutions are seen close to the actual 
depth plot (black plot). There is less roughness at the leading edge when eroding with the 
conical ejection model of layer 2 sample, hence the depths can be measured close to the actual 
depth. Data from layer 2 of 100 (red plot) and 150 (orange plot) cannot be seen as there are 
overlapping with thinner layer 2 of 10 (green plot) and 50 units (purple plot).  Any materials 
located at deeper than 120 units have higher degree of surface roughness with low sputtering 
intensity and as a result their depths information cannot be observed at all.  
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Figure 4.42 MeV SIMS of depths from fragments for fixed thickness delta layer at 10 
(green), 50 (purple), 100 (red) and 150 units (orange) as a function of depth (10 units – 
200 units). Total thickness =500 units. Parameters used are as in Table 4.10. 
 
Depth measurements from intact species for fixed thickness delta layers of 10, 50, 100 and 150 
units as a function of depth from 10 units to 200 units in steps of 10 for MeV SIMS are shown 
above. The long fragmentation depth of MeV-SIMS generates an extensive number of broken 
species available for detection and the resulting behaviour is similar to keV cluster SIMS 
simulation data where thicker layer 2 has a better resolution than the thinner one and the 
resolution decreases when moving layer 2 deeper into the multilayer sample. This is because 
of the large amount of roughness present at higher depth compared to the one close to the 
surface area.  
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4.6. The Mixing 
 
 
Table 4.11 Cone dimensions and sample thicknesses for Monte Carlo simulation 
sputtering of keV cluster SIMS and MeV-SIMS. Cylindrical/fragmentation radius=r1, 
cone radius=r2, ejection/cone depth=edep and cylinder/fragmentation depth=frag. 
depth. The mixing cylindrical depth is fixed to 100 for keV cluster SIMS and 200 for MeV 
SIMS simulations & r2 for mixing model = cylindrical radius for the mixing model. 
 
The mixing process for the Monte Carlo ejection model simulation was explained in 
section 3.2.2. Monte Carlo simulations of keV cluster SIMS and MeV-SIMS with a mixing 
region were performed on a 3 layers sample made of 2 different types of material and the 
multilayer sample dimensions were the same as in Figure 3.9 except the total thickness was 
300 units and the thickness of each layer was 100 units. Cone radius and depth of 5 causes 
sputtering of 1460 molecule units which is equivalent to about 0.01 layer ejected per time 
step. The cylindrical depths were 5 for keV cluster SIMS and 150 for MeV-SIMS. The 
mixing radius was 10 and the mixing depths were 100 and 200 for keV cluster SIMS and 
MeV-SIMS respectively. The parameters used are tabulated in Table 4.11. Total simulation 
time to complete the sputtering process was up to 40,000 time steps and all the data were 
in the same arbitrary units. 
Figure 4.43 shows results of ‘depth from fragments’ and ‘thickness from fragments’ for a 
delta layer thickness of 100 units at depth of 100 units for different amounts of mixing per 
atom. From simulation results the keV cluster SIMS ejection model has a volume of 44,100 
species and half of them assigned to mix with the upper species and the rest with the lower 
species on average once. Another simulation with the same area assigned with 88,200 times 
of looping which means each species is mixed on average twice. A higher amount of 
mixing generates a higher amount of displacements and makes the thickness data larger 
than the actual thickness and the depth broaden to the surface as shown. The distribution 
of data for intact species is about the same as the fragments and not shown here. 
Conical & Cylindrical Dimension r1 r2 edep frag.depth
Conical Ejection Model 3 5 5 5/150
Mixing Model (keV cluster SIMS) - 10 - 100
Mixing Model (MeV SIMS) - 10 - 200
Sample Thickness layer 1 layer 2 layer 3 total depth
Multilayer Sample Model 100 100 100 300
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With MeV ion energy simulation the ejection model mixing cylinder is made longer to 200 
units which allows random (50% probabilities swap with upward and downward species) 
mixing of 88,200 (volume data from simulation), i.e. each cell mixes on average once and 
also assigned to move 176,400 times with each species mixing on average twice for each 
loop. 
The same scenario as keV cluster SIMS simulation can be seen where higher amounts of 
mixing broadens the apparent thickness of the layer away from the actual thickness 
(frequency for without mixing=0). Results from sputtering intact species are similar as the 
fragments and not shown here. Simulation using the long cylindrical fragmentation depth 
(150 units) of MeV-SIMS reduces the amount of intact species available for sputtering and 
the long cylindrical mixing region (200 units) propagates the limited amount of intact 
species resulting nothing is available to be sputtered. 
 
Figure 4.43 keV cluster SIMS and MeV SIMS of depths and thicknesses from fragments 
for delta layer of 100 units thickness at depths of 100 units as a function of average 
amount of mixing per atom. Zero means Monte Carlo ejection model simulation with no 
mixing region included.   The black circle is the actual depth location and the actual 
thickness of 100 unit. Parameters used are as in Table 4.11.
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5. Experimental Methods 
 
The interaction of keV ions with insulating materials can be studied experimentally by 
using the keV Cluster SIMS analytical method. The general concept of SIMS and its 
capabilities are explained in the introductory section. This section includes an introduction 
to ToF-SIMS and the experimental procedure involved. Polymer materials of poly (methyl 
methacrylate) PMMA and poly (2-hydroxyethyl methacrylate) PHEMA were prepared by 
using spin coating technique and their thicknesses were measured by ellipsometry. These 
samples were then projectile by 10 keV C60
+ ions and analysed using time-of-flight 
secondary ion mass spectrometry (ToF-SIMS) facilities in the Surface Analysis Lab of the 
University of Surrey. The conical ejection model’s calculation template for comparisons 
study of keV Cluster SIMS simulation and experimental work were also prepared. 
 
5.1. Sample Preparation 
 
Previous work performed by M.S. Wagner (60) using poly (methyl methacrylate) (PMMA; 
MW 97 000) and poly (2-hydroxyethyl methacrylate) (PHEMA; MW 300 000) was 
referred to for making a polymer multilayer sample. PMMA is a clear plastic used as a 
glowing polymer replacement of glass and PHEMA is a polymer that forms a hydrogel in 
water. PMMA and PHEMA were purchased from Sigma Aldrich and used without further 
purification. 0.01g dry PMMA and PHEMA were dissolved in 1g of toluene and methanol 
respectively and both solvents were kept in two capped bottles of glassware and left on an 
orbital stirrer for 24 hours and so that the solutions were completely dissolved. A Sartorius 
analytical balance and a Fisher brand normal balance model PF 323 were used for 
weighing. 
 
 Spin coating measurement 
 
Spin coating is a method for application of thin, uniform films to flat substrates. When a 
small amount of polymer solution is placed on the centre of the substrate and rotated at 
high speed (typically around 3000 rpm), the centripetal acceleration will cause the fluid to 
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spread and some of it to fall off the edge of the substrate leaving the desired film thickness 
on the substrate surface.  
 
 
Film Thickness     Film Thickness 
 
 
 
 
Spin Speed      Spin Time 
 
Figure 5.1 The graphs show the relations between film thickness with speed and time. 
 
There are a few factors affecting the coating process such as spin speed and spin time which 
is shown in Figure 5.1. For most fluid materials the final film thickness is inversely 
proportional to the spin speed and spin time however these vary for different fluid materials 
and substrates so there are no fixed guidelines for the spin coating process (61). Figure 5.4 
is an illustration of a spin coating process (62). 
 
 
 
 
Figure 5.2 Schematic of spin coating process. 
 
5 Experimental Methods 
 
 
96 
  
 
 
 
 
Figure 5.3  Illustration of PHEMA and PMMA layers fabricated on a silicon substrate. 
 
A  CAMMAX PRECIMA Spinner model PRS14E was used for the spin coating process. 
The layers were fabricated by sequential spin-casting of the different polymers solution 
(PMMA & PHEMA) onto a 1cm x 1cm cleaned silicon wafer to produce the structure 
shown in Figure 5.3. In order to spin coat a film the 1cm x 1cm cleaned silicon substrate 
was placed centrally on the vacuum chuck, the speed was set to 2000 rpm and the time 
required for spin coating was set to 30 seconds. Lastly, before pressing the start button to 
start spin coating, a pipette was used to dispense a small amount (2 drops) of the polymer 
solution on the silicon substrate surface. The thickness of the first layer (PMMA) was then 
measured by ellipsometery before spin coating another layer of polymer solution.  
 
 Thickness Measurement 
 
The fabricated polymer layers on the silicon substrate thicknesses were measured by an 
Ellipsometer. Ellipsometry (63) is an optical technique for measuring the thickness and 
refractive index of thin films or layers of material. It is non-destructive, contactless and 
capable of measuring layers as thin as 1nm up to layers which are several microns thick. 
For measurement of a material, it must be composed of a small number of well-defined 
layers that are optically homogeneous and reflect a significant amount of the incident light. 
Figure 5.4 is a schematic drawing of an ellipsometer which represents its principle of 
operation. It consists of a light source and a polarizer that converts a beam of light of 
undefined or mixed polarization into a beam with well-defined polarization. The beam is 
reflected off the target and then analysed with the analyser and falls into the detector. 
 
 
            PHEMA 
Silicon 
PMMA 
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                                     Light source                              Detector 
   
    
 
       Polarizer                                                      Analyzer  
 
 Target 
 
Figure 5.4 Schematic drawing of an Ellipsometer. 
 
A  M-44 Spectroscopic Ellipsometer was used for measuring thicknesses of PMMA and 
PHEMA on a silicon substrate. This Ellipsometer was run using WVASE32 software. The 
table below shows a summary of the polymer samples that have been made for this study. 
 
 
Table 5.1  List of samples prepared for keV cluster SIMS measurement. 
 
5.2. keV cluster SIMS Measurement 
 
Positive ion ToF-SIMS depth profiling were performed in the dual-beam mode using a 
reflectron type ToF analyser (TOF.SIM5: ION-TOF GmbH, Munster, Germany) equipped 
with Bi3
+ and C60
+ primary ion beam sources. 25keV Bi3
+ (0.19pA pulsed ion current, 
incident angle 45°, raster scan area of 100µm x 100µm) and 10keV C60
+ (400pA continuing 
ion current, incident angle 45°, raster scan area of 600µm x 600µm) were used for analysis 
and sputtering respectively. Depth profiles of the polymer samples were obtained by 
alternatively collecting static ToF-SIMS using the Bi3
+ ion beam and eroding the sample 
Samples Thickness
PMMA 26nm
PHEMA 29nm
PMMA on PHEMA 27.5nm on 28nm
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by sputtering using the ion C60
+ beam. An illustration of the depth profiling process is 
shown in Figure 5.5. 
 
       
Figure 5.5 An illustration of a depth profiling process. Orange is 25 keV Bi3
+ ion 
beam for (scan area of 100µm x 100µm) and red is 10 keV C60
+ (scan area of 600µm 
x 600µm) for sputtering (64). 
 
 Time-of-Flight Secondary Ion Mass Spectrometry 
 
A mass analyser is capable of identifying a sample characterised by measuring its 
molecular weight. In this study, the sputtered species obtained after primary ion projectiles 
on a sample are analysed by the reflection time-of flight mass analyser. As the name 
implies, a time-of-flight mass analyser (65) identifies sample atoms or molecules by 
measuring their flight time travelling at a known distance to the detector. Ionised 
molecules of the sample are then accelerated to the same kinetic energy by an electric field 
applied at the sample and because of this they will enter the field-free drift region with 
velocities according to their mass, m: 
 
E (kinetic energy) = 
mv2
2
  
 
 
25 keV Bi3
+ 
10 keV C60
+ 
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The speed of an ion is dependent on its mass where lighter ions have a higher velocity than 
the heavy ions. The flight time through the drift region to the detector is: 
 
T (flight time)=
drift length
velocity
=drift length× [
m
2E
]
1/2
 
 
Figure 5.6 shows a schematic diagram of a reflectron ToF-SIMS. The reflectron consists 
of an ionisation chamber, an ion extraction area, a drift region, reflectron and a detector. 
The reflectron is a series of rings or grids that act as an ion mirror. The mirror compensates 
for the spread in kinetic energies of the ions as they enter the drift region.  
 
Figure 5.6 Schematic of a Reflectron ToF-SIMS. 
 
5.3. A Template for Depth Profiling Calculations 
 
The interaction of keV cluster ions with insulating material can be investigated by doing 
some comparison studies between the depth profiling experimental results obtained from 
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keV cluster SIMS with the Monte Carlo simulation technique. In order to make a 
comparison there is a need to calculate some parameters to match with the simulation 
technique. All the parameters are tabulated in a template that was designed using Excel as 
shown in Table 5.2. It is a template consisting of parameters from experimental and 
simulation that can be used as a reference for calculations when matching up the variation 
of the ejection cone model with the depth profiling experimental results.  
Referring to the template, basic parameters needed to start the depth profiling calculations 
are in blue colour which include the sputtering current of 400pA, sputter time of 61s, 
experimental depth (26nm for PMMA and 29nm for PHEMA), electric charge of 1.6E-19 
and Avogadro constant of 6.02E+23. Polymer material density (1.18 g/cm3 for PMMA and 
0.5 g/cm3 for PHEMA) and material molecular weight (100 g/mol for PMMA and 130 
g/mol for PHEMA) are in yellow. Calculated values from experimental input and the 
polymers properties are in orange and the related calculations are as the following: 
a) Sputter rate, R (
nm
s
) =
Experimental depth,d (cm)
Time ,t (s)
 
b) Number of ions (
ions
s
) =
Sputter Current,i (pA)
Electric Charge,e (C)
 
c) Total number of ions =
Sputter current,i (pA)
Electric charge,e (C)
x Time, t (s) 
d) Sputtered volume (cm3) = Sputter area (cm2) x Experimental depth, d (cm) 
e) Number density (
mol
cm3
) =
Material density (
g
cm3
)x Avogadro constant
Material molecular weight (
g
mol
)
 
f) Number of molecules = Number density (
mol
cm3
) x Sputtered volume (cm3) 
g) Experimental yield (
mol
ion
) = Nummber of molecules x Total number of ions 
h) Volume of a molecule (cm3) =
1
Number density (
mol
cm3
) 
 
i) Volume for total molecules (cm3) =
Experimental yield (
mol
ion
) x Volume of a molecule (cm3) 
As explained in the simulation work section the Monte Carlo simulation model works by 
taking the multilayer sample and randomly placing the conical and cylindrical ejection 
regions into it. Typical values of the conical and ejection model for keV cluster SIMS 
simulation are: 
 Cylindrical radius = 5 units 
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 Cone Radius = 10 units 
 Cylindrical depth = 15 units 
 Cone depth = 15 units. 
 
Note that all data are in the same arbitrary units. Time (in unit) is used to indicate the depth 
of materials that have been sputtered. Amount of materials sputtered by a conical ejection 
model is 1723 units and equivalent to the total volume of molecules sputtered 
(experimental), which then for PMMA: 
 
j) Volume of a simulation cone (cm3) = Volume for the total molecules (cm3)  
1723X3 = 6.14E − 20 
By re-evaluating the equation above X (nm) for PMMA = 0.33 
 
The multilayer sample used in this study is in a dimension of (400 x 400) units. It is a 
sample consisting of 160,000 cubical boxes and each of the cubical boxes then has a length 
of 0.33nm for PMMA and 0.26nm for PHEMA which make the depth 26nm of PMMA 
and 29nm of PHEMA and equivalent to depths of 79 and 88 units respectively for 
simulation (input data). Value of depth need to be calculated to plot a simulation graph of 
intensity as a function of depth which then can be matched with depth profiling results 
from experimental of keV cluster SIMS. The conical ejection model is assumed impacting 
the sample model for 10 times before sputtering. So the total number of ejected materials 
for every time step are 17,230 units which is equivalent to 0.11 layers ejected per time step. 
The number of layer ejected per time step in nanometres is 0.04 and 0.03 for PMMA and 
PHEMA correspondingly. By multiplying the time with these values the depth resolution 
can be plotted as in the results and analysis section. 
 
k) layer ejected per time unit =
10 impacts of the conical ejection model
sample area
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Table 5.2 Depth profiling calculation template.  
 
 
Sample PMMA PHEMA
Material Density (g/cm
3
) 1.18 0.5
Material Molecular Weight (g/mol) 100 130
Sputter Current, i  (A) 4.00E-10 4E-10
Time, t (s) 61 133
Sputter Area (cm)
2
0.0036 0.0036
Experimental Depth, d (cm) 0.0000026 0.0000029
Electric Charge, e (C) 1.60E-19 1.6E-19
Avogadro Constant 6.02E+23 6.02E+23
Sputter Rate, R (nm/s) 43 22
Number of Ions (ions/s) 2.50E+09 2.50E+09
Total Number of Ions 1.53E+11 3.33E+11
Sputtered Volume (cm
3
) 9.36E-09 1.04E-08
Number Density (molecules/cm
3
) 7.10E+21 2.32E+21
Number of Molecules 6.65E+13 2.42E+13
Experimental Yield (molecules/ion) 436 73
Volume of a Molecule (cm
3
) 1.41E-22 4.32E-22
Volume for 'total' Molecules (cm
3
) 6.14E-20 3.14E-20
Ejected Species From Simulation 17230 (10 impacts) 17230 (10 impacts)
Volume of a Simulation Cone (cm
3
) 1723X
3
1723X
3
Volume for 'total' Molecules (cm
3
) 6.14E-20 3.14E-20
1723X
3
6.14E-20 3.14E-20
X
3
(cm) 3.56E-23 1.82E-23
X (cm) 3.29E-08 2.63E-08
X 3.29E-10 2.63E-10
X (nm) 0.33 0.26
cubical length 0.33nm 0.26nm
26nm (experimental thickness) 79 units (simulation thickness)
29nm (experimental thickness) 88 units (simulation thickness)
Sputter area (Simulation) 160000 units 160000 units
layer ejected/time step 10 impacts/160000 10 impacts/160000
0.11 0.11
layer ejected/time step (nm) 0.04 0.03
* Parameters in yellow are the polymer properties
* Parameters in blue are input from experiment
* Parameters in orange are values calculated from exp. input (blue) and material properties (yellow)
* Parameters in green are input from simulation
* Parameters in red are values calculated from orange and green
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6. Experimental Results and Comparison Study 
 
Depth profiling experimental results from keV Cluster SIMS of polymer materials of Poly 
(methyl methacrylate) PMMA and Poly (2-hydroxyethyl methacrylate) PHEMA are 
presented in this section. Comparison study of keV Cluster SIMS Monte Carlo conical and 
ejection model simulation with the experimental results are also discussed. 
 
6.1. PMMA single layer 
 
 
Figure 6.1 Illustration of 26nm PMMA fabricated on silicon substrate. 
 
 
Figure 6.2  10 keV C60
+SIMS mass spectrum of positive ion depth profile of PMMA single 
film. Peaks that are chosen for simulation are indicated (m/z=15, 41, 59, 69, 85, 101, 115 & 
125).  
m/z = 15 
m/z = 41 
m/z = 59 
m/z = 69 
m/z = 85 m/z = 115 
m/z = 126 
m/z = 101 
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Figure 6.1 shows a diagram of 26nm poly (methyl methacrylate) PMMA on top of silicon 
substrate which was prepared by spin coating technique as described in the previous 
section.  Figure 6.2  is the mass spectrum obtained from a continuing 10 keV C60
+ SIMS 
projectiles on 600µm x 600µm PMMA with 400pA current for 140s. The resolution looks 
good and all mass peaks are observable. A depth profile of the characteristic fragmentation 
of C2H3O2 as a function of dose is shown in Figure 6.3. The dose scale is calculated as in 
the equation below. 
Dose (
ions
cm2
) =
(electric charge C)(sputtering current)(t)
sputtering area
  
Typically  m/z= 59 should be in a constant value before it reduces, interfaces with the 
silicon substrate and continue until reaches zero which indicates there is no more PMMA 
to be sputtered. The constant phase is not seen here probably due to the presence of 
impurities on the surface but apart from that a fairly measurable continual plot can still be 
observed. The m/z= 59 signal is seen to start reducing at a dose of 2.25 X 1013 ions/cm2 
and interfaced with Silicon substrate at dose of 4.2 X 1013 ions/cm2. At this point the silicon 
signal begins to increase as expected.  
 
Figure 6.3 10 keV C60
+ SIMS depth profile data from PMMA fragment ion m/z= 59 and 
silicon substrate m/z= 28 as a function of dose. 
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Figure 6.4 10 keV C60
+ SIMS depth profile data from PMMA fragment ion m/z= 59 and 
silicon substrate m/z= 28 as a function of depth. 
 
Broadening of a profile can be identified by measuring the depth resolution as shown 
above. Figure 6.4 is a depth profile data from PMMA fragment ion of m/z= 59 and silicon 
substrate m/z= 28 as a function of depth. The depth scale is determined by calculating time 
with the sputter rate which in this case it is 0.43nm/s. The sputter rate is calculated from 
the known film thickness of 26nm and by identifying the point of PMMA interfaced with 
silicon substrate. The depth resolution for the 10 keV C60
+ bombardment of PMMA is quite 
high which is ~11.5nm and this is measured by employing the 84%-16% interface width 
(66) and assuming a constant sputter rate throughout the entire depth profile.  
 
 
 
 
 
 
11.5 nm 
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 Proposed a fragmentation pattern for simulation 
 
Sputtering is a phenomena when a primary ion impacts a sample surface and this leads to 
the ejections of some materials which include intact, broken and recombination of these 
species. Figure 6.5 is a fragmentation mass proposed for the keV cluster SIMS Monte Carlo 
simulation of PMMA (60) and Table 6.1 shows sputtering intensity (in percentage) of 5 
major fragmentation peaks, 2 recombination’s species and the intact species. The 
sputtering intensities for the experimental data are taken from mass spectrum in Figure 6.2 
and by referring to this values the probability of detection by the ejection model can be 
calculated. The characteristic fragmentation ion of m/z= 59 has probability of 15.04% but 
the intact species probability depends on the values of cone and cylindrical radius which 
will be discussed in the following section. There is also possibility that sputtered materials 
might recombined with each other and 2 major peaks of m/z= 115 and m/z=126 are 
included for simulation and the detection probabilities are assigned  to be 66.36% and 
33.64% respectively.  
 
 
 
 
 Figure 6.5 Fragmentation mass proposed for the keV cluster SIMS simulation of 
PMMA (60). Positive secondary ion characteristic of the polymer pendant group that is 
used to monitor PMMA layer during the depth profile is m/z=59. Copyright not subject to 
U.S copyright and no permission is required. 
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Table 6.1  PMMA major peaks obtained from experiment and probability (%) of the 
species detected by the ejection model simulation. r1 is cylindrical radius and r2 is cone 
radius. 
 
Flow chart in Figure 6.6 shows a single sputtering process that occurs when a conical 
ejection model ‘hits’ the PMMA sample. The Monte Carlo simulation model works by 
taking the PMMA sample and randomly placing the conical and cylindrical ejection 
regions into it. The intact species of PMMA which is m/z = 100 (in this case PMMA plus 
hydrogen) along the cylindrical region are fragmented to became fragments as in 
fragmentation combinations in Table 6.2. There are 6 combinations which include m/z=15, 
41, 59, 69 & 85 and m/z=15, 26, 31 & 44 are assumed to be easily detached and not 
included in the simulation. Species located outside the conical region are not sputtered and 
assigned as ‘1’ as illustrated in Figure 3.8. Both fragments and intact species can be 
sputtered from the conical section and assigned as regions ‘3’ and ‘2’ respectively. At 
region ‘2’ sputtered species can be any fragments from m/z=15 to m/z=85 and the intact 
of m/z=101 however at region ‘3’ only fragments are ejected. The conical ejection model 
is positioned inside a cubical box and surrounded by molecules assigned as region ‘0’ and 
this indicates nothing is happening in this area. There are also possibilities the fragmented 
sputtered species will recombined with each other and formed some different molecules 
such as m/z= 115 and m/z= 126. In this case the recombination species detected is in a 
frequency of 28% from the total fragments sputtered species and it is assumed that the 
species are generated from the surrounding (detached/not detected species) and becoming 
m/z=115 and m/z=126 in probabilities of 66.36% and 33.64% respectively. This sputtering 
process is continuously performed until nothing is left of the PMMA sample and the timer 
counter is equals to zero.  
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Figure 6.6  A flow chart which shows the sputtering process when a conical & ejection model 
‘hits’ a PMMA sample. 
For a given time step 
Pick random point on the PMMA sample surface model 
Place the conical ejection model 
If the conical ejection model =1 If the conical ejection model >1 
Do nothing 
PMMA became 
fragments as in 
Table 6.2  
Sputter molecules 
If the conical ejection model =2 
Is it broken 
on removal? 
If the conical ejection model =3 
Is it already 
broken before 
removal? 
Everything in this cylindrical 
region must be broken  
Sputter fragments of m/z 
= 15, 41, 59, 69 & 85 
Sputter all broken 
molecules. (PMMA 
became fragments 
as in Table 6.2) 
This is an 
intact region. 
Sputter 
either PMMA 
or/and all 
fragments as 
in Table 6.2  
NO 
YES 
YES 
NO 
If the conical ejection model =0 
Break molecules 
28% from the total of 
the sputtered 
fragments 
recombined to sputter 
m/z = 115 (66.36%) & 
126 (33.64%) 
 
Sputtering process divided into regions ‘0’, ‘1’, ‘2’ & ‘3’ 
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Table 6.2  PMMA fragments combinations for broken species intensity inside the cylinder 
of the ejection model. Species in Blue are assumed to be easily detached from the 
combinations. 
 
Table 6.1 shows a list of major peaks obtained from experimental and their detection 
probabilities by the ejection model. The major fragments are rearranged to form 6 
combination patterns as in Table 6.2. The fragmentation patterns were designed in a way 
that for every random impacts, the initially intact material of PMMA will breaks according 
to this. Species in blue are assumed to be easily detached after ion impacts and not counted 
in obtaining the simulation mass spectrum. Data A are taken from experimental intensity 
and data B are acquired by referring to this values. As an example, for the first combination 
both m/z=15 and m/z=89 have the same intensities of 6.69% while for the second 
combination the sputtering probabilities for m/z=41 and m/z=59 are 13.89% respectively. 
The total intensities of data A is the same as in data B. All the combinations data are 
converted into percentages of them being detected from the conical ejection model as in 
data C and this is the probabilities assigned inside the fragmentation cylinder.  
 
 
 
 
 
 
 
 
 
Fragmens (Exp.) A (%) Fragments Comb. B(%) C (%)
15 17.14 15-85 6.69 11.45
41 27.77 41-59 13.89 23.76
59 15.04 69-31 18.17 31.10
69 18.17 59-15-26 1.16 1.97
85 6.69 41-44-15 13.89 23.76
44-15-15-26 4.65 7.96
58.44 100
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 Build of the mass spectrum 
 
 
Figure 6.7 PMMA comparison of 10 keV C60 SIMS mass spectrum (major peaks) from 
positive ion depth profile of PMMA single film from experimental and simulation. The 
probabilities data are as in Table 6.1 and Table 6.2. 
 
Figure 6.7 is a comparison of the PMMA mass spectrum obtained from 10 keV C60
+ SIMS 
with the Monte Carlo ejection model simulation. By using the fragmentation and 
recombination patterns proposed in Table 6.1 and Table 6.2  the sputtering data for all the 
broken and recombination species are comparable with each other as expected. The 
important thing is to work out the intact species which can be determined by measuring 
(by simulation) the ratio between the cone and cylindrical radius. The bigger the difference 
between these two the larger the amount of intact species are sputtered as explained in 
section 4.1 and 4.2. When the intact species intensity is closely matched to the experimental 
data as shown in figure above then the chosen characteristic fragments (m/z= 59) for depth 
profiling data can be plotted. In this case the intact intensity for experimental is 6.33% and 
for simulation is 7.81%. With matched cone and cylindrical radii together with the 
appropriate cone and cylindrical depths approached used for the ejection model, a closely 
fit depth profile can be obtained as in Figure 6.8.  
 
7.8% 
6.33% 
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 The ejection model parameters and the depth profiling data 
 
keV cluster SIMS depth profile data for PMMA fragment ion m/z= 59 from experimental 
and simulation results are shown in Figure 6.8. By readjusting the ejection cone model 
dimension impacts on the PMMA sample as tabulated in Table 6.3 a reasonably fit plot 
can be achieved. There is an initial increase in the beginning of the signal and this shows 
the ejection model has started sputtering m/z= 59 and the signal then reaches a constant 
value at about 3nm depth and reduces along the experimental plot. The final dimension of 
the ejection model’s cylindrical and cone radii are 3.1nm and 4.48nm respectively and the 
conical and cylindrical depths are 2.56nm. These values are converted from the actual 
dimension of 9.8 units for cylinder radius, 14 units for cone radius and 8 units for the 
ejection and fragmentation depths by using the depth profiling calculation template in 
section 5.3. With these cone and cylindrical shapes, 19,600 species are ejected per time 
step unit which is equivalent to 0.13 units of ejection rate. One unit of simulation 
measurement corresponds to 0.32nm hence PMMA thickness of 26nm is made up from 81 
units thickness of simulation and the sputtering rate is 0.04nm/time step. By assuming a 
constant sputter rate the depth scale can be determined.  
 
Figure 6.8 Depth profile data from PMMA fragment ion of m/z=59 for 10 keV C60
+ SIMS 
experimental and Monte Carlo ejection model simulation when r1=3.1nm, r2=4.5nm, 
edep& frag.depth=2.56nm. r1= cone radius, r2= cylindrical radius, edep= ejection 
depth, frag. depth= fragmentation depth.                                     
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Table 6.3 The ejection model and sample parameters used for keV cluster SIMS 
comparison study on PMMA layer. 
 
6.2. PHEMA single layer 
 
 
 
 
Figure 6.9 Illustration of 29nm PMMA fabricated on silicon substrate. 
 
An illustration of 29nm poly (2-hydroxyethyl methacrylate) PHEMA fabricated on a 
silicon substrate is shown above and the sample preparation are explained in the ‘sample 
preparation’ section. Figure 6.10 is the mass spectrum obtained from a continuing 10 keV 
C60
+ SIMS projectiles on 600µm x 600µm PHEMA with 400pA current for about 200s. 
The characteristic fragmentation of C2H5O (m/z= 45) depth profiling data as a function of 
dose is shown in Figure 6.11. There is an initial growth at a dose of 2.6 X 1013 ions/cm2 
before the m/z= 45 reaches a constant value of about 2600 counts and starts reducing to 
zero at ~ 7 X 1013 ions/cm2. This is assumed to be due to an ion beam fluctuations and this 
is not normally occurred on the PHEMA surface.  
 
 
Cone & Sample parameters input sim. data (arb unit)  nm
cylindrical radius (r1) 9.8 3.1
cone radius (r2) 14 4.48
cone depth (edep) 8 2.56
cylindrical depth (frag. depth) 8 2.56
PMMA thickness 81 26
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Figure 6.10 10 keV C60
+SIMS mass spectrum of positive ion depth profile of PHEMA 
single film. Peaks that are chosen for simulation are indicated (m/z=27, 41, 45, 113 & 
131). 
 
 
Figure 6.11 10 keV C60
+ SIMS depth profile data from PHEMA fragment ion m/z= 45 as 
a function of dose. 
 
m/z = 41 
m/z = 45 
m/z = 113 
m/z = 131 
m/z = 27 
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Figure 6.12 10 keV C60
+ SIMS depth profile data from PHEMA fragment ion m/z= 45 as 
a function of depth. 
 
Figure 6.12 is a depth profile data from PHEMA fragment ion m/z= 45 as a function of 
depth. The sputter rate of 0.22nm/s is calculated from the known film thickness of 29nm 
and by identifying the halfway point of PHEMA which is at time equivalent to 132s. The 
sputtering rate is assumed to be constant and the depth scale can be determined by 
calculating the time from the sputter rate of 0.22nm/s. Broadening of the profile is 
measured by obtaining the 84%-16% interface width (66)  as shown above.  The depth 
resolution of 10 keV C60
+ SIMS on 29nm PHEMA single layer is high which is at 11nm.  
 
 
 
 
 
 
11nm 
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 Proposed a fragmentation pattern for simulation 
 
 
Figure 6.13 Fragmentation mass proposed for the keV cluster SIMS simulation of 
PHEMA (60). Positive secondary ion characteristic of the polymer pendant group that is 
used to monitor PHEMA layer during the depth profile is m/z=45. Copyright not subject 
to U.S copyright and no permission is required. 
 
 
Table 6.4 PHEMA major peaks obtained from experiment and probability (%) of the 
species detected by the ejection model simulation. r1 is cylindrical radius and r2 is cone 
radius 
The conical ejection model impacts the sample, takes the content of the sample and records 
them as a function of time or in reality this is called sputtering. Flow chart in Figure 6.14 
shows a single sputtering process that occurs when a conical ejection model ‘hits’ the 
PMMA sample. The Monte Carlo simulation model works by taking the PHEMA sample 
and randomly placing the conical and cylindrical ejection regions into it. The intact species 
of PHEMA which is m/z = 130 (in this case PHEMA plus hydrogen) along the cylindrical 
region are fragmented to became fragments as in fragmentation combinations in Table 6.5. 
There are 4 combinations which include m/z=27, 41, 45 & 113 and m/z=15, 17, 28 & 44 
are assumed to be easily detached and not included in the simulation. Species located 
outside the conical region are not sputtered and assigned as region ‘1’ as illustrated in 
Figure 3.8. Both fragments and intact species can be sputtered from the conical section and 
assigned as regions ‘3’ and ‘2’ respectively. At region ‘2’ sputtered species can be any 
Major Peaks (m/z) Exp. Data (%) Details Prob. Detected (%) 
27 23.00 m/z 26 + H  23.22
41 40.34 Fragmented 40.73
45 24.95 Fragmented 25.20
113 10.74 m/z 115 Fragmented and loses 2H 10.85
131 0.97 Intact + H depends on r1 & r2
100.00
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fragments from m/z=27 to m/z=113 and the intact of m/z=131 however at region ‘3’ only 
fragments are ejected. The conical ejection model is positioned inside a cubic box and 
surrounded by molecules assigned as region ‘0’ and this indicates nothing is happening in 
this area. There is no recombination species included in this simulation. This sputtering 
process is continuously performed until nothing is left of the PHEMA sample and the timer 
counter is equals to zero.  
 
Table 6.5 PHEMA fragments combinations for broken species intensity inside the 
cylinder of the ejection model. Species in Blue are assumed to be easily detached from 
the combinations. 
 
Table 6.4 shows a list of major peaks obtained from experimental and their detection 
probabilities by the ejection model. The major fragments are rearranged to form 6 
combination patterns as in Table 6.5. The ejection model randomly impacts the PHEMA 
sample which makes the initially intact species of m/z= 131 breaks according to the 
fragmentation patterns above. Species in blue are assumed to be easily detached after ion 
impact and not counted in obtaining the simulation mass spectrum. Data A are taken from 
experimental intensity and data B are acquired by referring to this values. As an example 
the fourth combination of both m/z= 41 and m/z= 45 have the same intensity of 20.17%. 
The total intensities of data A is the same as in data B. All the combinations data are 
converted into percentages of them being detected from the conical ejection model as in 
Data C and this is the probabilities assigned inside the fragmentation cylinder.  
 
 
 
 
 
 
Fragments (Exp) A(%) Fragments. Comb. B(%) C(%)
27 23 113-17 10.74 14.05
41 40.34 15-26-44-45 (26 plus H) 2.39 3.13
45 24.95 85-45 2.39 3.13
113 10.74 41-44-45 20.17 26.38
99.03 41-44-28-17 20.17 26.38
15-26-44-28-17 (26 plus H) 20.6 26.94
76.46 100
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Figure 6.14  A flow chart which shows the sputtering process when a conical & ejection 
model ‘hits’ a PHEMA sample. 
For a given time step 
Pick random point on the PHEMA sample surface model 
Place the conical ejection model 
If the conical ejection model =1 If the conical ejection model >1 
Do nothing 
PHEMA became 
fragments as in 
Table 6.5  
Sputter molecules 
If the conical ejection model =2 
Is it broken 
on removal? 
If the conical ejection model =3 
Is it already 
broken before 
removal? 
Everything in this cylindrical 
region must be broken  
Sputter fragments of m/z 
= 26, 41, 45 & 113 
Sputter all broken 
molecules. (PHEMA 
became fragments 
as in Table 6.5) 
This is an 
intact region. 
Sputter either 
PHEMA 
or/and all 
fragments as 
in Table 6.5  
NO 
YES 
YES 
NO 
If the conical ejection model =0 
Break molecules 
Sputtering process divided into regions ‘0’, ‘1’, ‘2’ & ‘3’ 
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 Build of the mass spectrum  
 
Figure 6.15 is a comparison of the PHEMA mass spectrum obtained from 10 keV C60
+ 
SIMS with the Monte Carlo ejection model simulation. By using the fragmentation pattern 
proposed in the previous section the broken species sputtering data obtained are 
comparable with the simulation results as expected. The comparison of PHEMA mass 
spectrum obtained from 10 keV C60
+ SIMS with Monte Carlo simulation is shown in Figure 
6.15. The sputtering intensity of the intact species are the main criteria to predict the 
ejection model parameters and this can be determined by measuring (by simulation) the 
ratio between the cone and cylindrical radius. The bigger the different between these two 
the larger amount of intact species are sputtered as explained in section 4.1 and 4.2. When 
the intact species intensity is closely matched to the experimental as shown in the mass 
spectrum the chosen fragments (m/z= 45) for depth profiling data can be plotted as in 
Figure 6.16. In this case the intact intensity for experimental is 0.97% and for simulation 
is 0.91%. With appropriate ejection model parameters, a closely fit depth profile can be 
obtained.  
 
Figure 6.15 PHEMA comparison of 10 keV C60 SIMS mass spectrum (major peaks) from 
positive ion depth profile of PHEMA single film from experimental and simulation. The 
probabilities data are as in Table 6.4 and Table 6.5.  
 
 
0.91% 0.97% 
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 The ejection model parameters and the depth profiling data 
 
keV cluster SIMS depth profile data for PHEMA fragment ion m/z= 45 from experimental 
and simulation results are shown in Figure 6.16. By readjusting the ejection cone model 
dimension impacts on the PHEMA sample as tabulated in Table 6.6 a reasonably fit plot 
can be achieved. The characteristic fragmentation of m/z=45 intensity is plotted on the 
secondary scale for comparison and it goes constant at intensity of 1200 units (arb), reduces 
and follow the experimental plot towards zero intensity when finish sputtering. The 
roughness of the surface can be clearly seen where can be said that ejection model 
parameters used is quite small and requires high number of impacts which lead to the 
development of surface topography. The final dimension of the ejection model’s 
cylindrical and cone radii are 2.7nm and 3nm respectively and the conical and cylindrical 
depths are 2.58nm. These values are converted from the actual dimension of 6.2 units for 
cylinder radius, 7 units for cone radius and 6 units for the ejection and fragmentation depths 
by using the depth profiling calculation template in section 5.3. With these cone and 
cylindrical shapes, 3860 species are ejected per time step unit which is equivalent to 0.02 
units of ejection rate. One unit of simulation measurement corresponds to 0.43nm hence 
PHEMA thickness of 29nm is made up from 67 units thickness of simulation and the 
sputtering rate is ~0.01nm/time step. By assuming a constant sputter rate the depth scale 
can be determined.  
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Figure 6.16 Depth profile data from PHEMA fragment ion m/z=45 for 10 keV C60
+ SIMS 
experimental and Monte Carlo ejection model simulation when r1=2.7nm, r2=3nm, 
edep& frag.depth=2.58nm. r1= cone radius, r2= cylindrical radius, edep= ejection 
depth, frag. depth= fragmentation depth. 
 
 
 
 
Table 6.6 The ejection model and sample parameters used for keV cluster SIMS comparison 
study on PHEMA layer. 
 
 
 
 
 
 
Cone & Sample parameters input sim. data (arb unit)  nm
cylindrical radius (r1) 6.2 2.7
cone radius (r2) 7 3
cone depth (edep) 6 2.58
cylindrical depth (frag. depth) 6 2.58
PHEMA thickness 67 29
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6.3. PMMA on PHEMA bilayer 
 
 
Figure 6.17 Illustration of 27.5nm PMMA fabricated on 28nm PHEMA on a silicon 
substrate. 
 
An illustration of 27.5nm poly (methyl methacrylate) PMMA on 29nm poly (2-
hydroxyethyl methacrylate) PHEMA fabricated on silicon substrate are shown above and 
the sample preparation are explained in the ‘sample preparation’ section. Figure 6.18 is the 
mass spectrum obtained from a continuing 10 keV C60
+ SIMS projectiles on 600µm x 
600µm area of PMMA on PHEMA with 400pA current for about 120s. The same 
fragmentation patterns that are used for eroding PMMA and PHEMA single layers are used 
for sputtering the bilayer films and the peaks are indicated in the mass spectrum. The 
characteristic fragmentation of C2H3O2 (m/z=59), C2H5O (m/z= 45) and Si (m/z=28) depth 
profiling data as a function of dose are shown in Figure 6.19. PMMA (m/z=59) intensity 
is at a constant value of about 15000 counts and reduces and interfaced with PHEMA 
(m/z=45) at a dose of 2.1 X 1013 ions/cm2. PHEMA then goes to maximum at about the 
same intensity and reduces to interfaced with the silicon layer at dose of about 5.6 X 1013 
ions/cm2. 
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Figure 6.18 10 keV C60
+SIMS mass spectrum of positive ion depth profile of PMMA on 
PHEMA bilayer film. Peaks that are chosen for simulation are indicated (m/z=15,             
27, 41, 45, 59, 69, 85,101, 113, 126 & 131). 
 
Figure 6.19 10 keV C60
+ SIMS depth profile data from PMMA (m/z=59), PHEMA (m/z= 
45) and silicon substrate (m/z=28) as a function of dose. 
m/z = 15 
m/z = 27 
m/z = 41 
m/z = 45 
m/z = 59 
m/z = 69 
m/z = 85 
m/z = 101 
m/z = 113 
m/z = 126 
m/z = 131 
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Figure 6.20 10 keV C60
+ SIMS depth profile data from PMMA fragment ion m/z=59 and 
PHEMA fragment ion m/z= 45 on top of silicon substrate as a function of depth. 
 
Figure 6.20 is a depth profile data from PMMA and PHEMA fragment ion on Silicon 
substrate as a function of depth. The sputter rate of 0.7nm/s is taken from the average of 
PMMA (0.75nm/s) and PHEMA (0.64nm/s) sputtering rates. They are calculated from the 
known film thickness of 27.5nm of PMMA and 28nm of PHEMA and by identifying the 
halfway point of PMMA at time 36.5s and from the point of PHEMA interfaces with silicon 
substrate at 80s. The sputtering rate is assumed to be constant and the depth scale can be 
determined by calculating time with the sputter rate of 0.7nm/s. There is sufficient 
roughness and inter layer mixing between the two materials and these caused the depth 
profile to broaden as shown above. Broadening of the profile is measured by obtaining the 
84%-16% interface width (66)  as shown above.  The depth resolution of 10 keV C60
+ SIMS 
on 27.5nm PMMA is 16.2nm. From FWHM (full width half maximum) calculation, the 
depth where PHEMA starts sputtering is at 18nm and the thickness is broaden by 11.2 nm 
from the actual thickness of 28nm to 39.2nm. 
16.2nm 
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Figure 6.21 Comparison of keV Cluster SIMS (major peaks)mass spectrum of positive 
ion depth profile of PMMA and PHEMA bilayer film from experimental and simulation 
results.  
 
The Monte Carlo simulation model works by taking the bilayer samples and randomly 
placing the conical and cylindrical ejection regions into it. The sputtering process is the 
same as the polymer single layer erosion and it starts by eroding PMMA (as in the flow 
chart in Figure 6.6) layer then followed by PHEMA (as in the flow chart in Figure 6.14) 
layer until nothing is left and the timer counter is equals to zero. By using the same 
fragmentation patterns proposed in the previous section and the intensities from the 
experimental results of the polymer bilayer films, the broken species mass spectrum data 
obtained from keV cluster Monte Carlo simulation is comparable with the simulation 
results as expected excluding the m/z=41 intensity and this is just because of the combine 
percentages data of m/z=41 that presence at both PMMA and PHEMA layers and the mass 
spectrum is shown in figure above. With appropriate ejection model parameters, a closely 
fit depth profile can be obtained. In this case the intact intensity inaccuracy for PMMM 
and PHEMA is about 0.19% and 0.05% correspondingly compared to the experimental 
data percentages. 
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Figure 6.22 Depth profile data from PMMA (m/z=59) for 10 keV C60
+  SIMS 
experimental and Monte Carlo ejection model simulation on polymer bilayer films when 
cone radius =3.52nm, cylindrical radius=4.8nm and ejection & fragmentation 
depth=3.84nm.  
 
Figure 6.23   Depth profile data from PHEMA (m/z=45) from 10 keV C60
+ SIMS 
experimental and Monte Carlo ejection model simulation on polymer bilayer films when 
cone radius =2.18nm, cylindrical radius=2.56nm and ejection & fragmentation 
depth=12.8nm.  
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The depth profile distribution of keV cluster SIMS Monte Carlo simulation on bilayer 
PMMA on PHEMA in comparison with the experimental of 10 keV C60
+ SIMS are shown 
in Figure 6.22 and Figure 6.23 respectively. The simulation process was explained in 
section 3 and the exploration of the ejection model parameters were investigated in section 
4. The bilayer simulation uses two conical ejection models which is one for eroding the 
first layer of PMMA and the other for the PHEMA layer. As predicted the plots for PMMA 
and PHEMA simulations are not fixed with the experimental results due to the topography 
development and mainly the inter layer mixing phenomena between them after ion 
projectiles. The simulations intensity is plotted on the secondary scale for comparison and 
PMMA reaches maximum at about 7000 units and PHEMA around 6,000 units, reducing 
and follow the experimental plot towards zero intensity when finish sputtering.  
Referring to the depth profiling results, the final dimension used for the ejection model 
simulations for PMMA and PHEMA bilayer films are illustrated in Figure 6.24. The 
cylindrical radius, cone radius and cylindrical depth for PMMA are 3.52nm, 4.8nm and 
3.84nm respectively. The radii are about the same as the ejection model for PMMA single 
layer but since the data is broaden to 16.2 nm (compared to 11.5nm for single payer 
PMMA) so the cone depth required for sputtering is extended by 1.28nm to 3.84nm. 
Ejection model of 2.56nm cone radius and 2.18 cylindrical radius for PHEMA are required 
for the attempt to sputter a closely match bilayer depth profiling data with the experimental 
results and cone/cylindrical depth of 12.8nm is needed for the simulation mainly due to 
inter layer mixing that occurs in the early stage of the depth profiling process (cylinder 
radius=2.7nm, cone radius=2.56nm & cylinder/cone depth=2.58nm for PHEMA single 
layer simulation). With these cone and cylindrical shapes, 31,640 species are ejected per 
time step unit for PMMA and 27,680 for PHEMA ejection model which is equivalent to 
0.37 units of ejection rate. One unit of experimental measurement correspond to 0.32nm 
hence PMMA and PHEMA thicknesses of 27.5nm and 28nm made up 86 and 88 units 
thicknesses respectively for simulation and the sputtering rate is ~0.12nm/time step. By 
assuming a constant sputter rate the depth scale can be determined by this. Note that there 
is no ‘mixing’ added for this polymer bilayer simulation and details are elucidated in the 
future work section. 
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Figure 6.24 Illustration of the ejection models used for keV Cluster SIMS on PMMA and 
PHEMA bilayer films comparison study. 
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7. Conclusions and Future Work 
 
 
SIMS is a well-known technique for surface analysis and elemental analysis for a variety 
of applications including polymer research application, microelectronics and biology. keV 
cluster SIMS has opened new opportunities for materials characterization by SIMS and as 
the research grows another improved technique called ‘MeV-SIMS’ is emerging. This 
technique employs high energy MeV particles as the primary ion instead of using particles 
in the more conventional 0.5-50 keV energy range. Consequently it is essential to 
understand the interaction of keV and MeV ions with insulating materials which could 
improve the existing analytical methods. This project investigated the behaviour of layered 
molecular materials under irradiation by keV cluster ions from both modelling and 
experimental perspective. MeV-SIMS modelling was also explored for future comparison 
with the new ambient MeV-SIMS facilities at University of Surrey. 
 
The simulation model designed by using a Monte Carlo approach to simulate the sputtering 
of layered molecular materials. The model comprises of a conical ejection region (in red) 
and, cylindrical fragmentation volume (in blue) and a mixing region (in green) as illustrated 
in Figure 3.8. Both fragments and intact can be ejected from the conical section. It attempts 
to model both keV cluster and MeV primary ions and the principal difference between the 
two is the length of the fragmentation cylinder. The model works by taking a multilayer 
sample and randomly placing the conical and cylindrical ejection regions into it. This 
process is continuously performed until nothing was left of the layered sample. The model 
provides information about surface roughness induced by the process as well as the 
fragmentation built up during a prolonged sputtering process. All data obtained were in the 
same arbitrary units. There were 3 main aspects studied in order to understand the conical 
ejection model’s behavior when impacting a sample which include the variations of the 
cylindrical and cone radii and depths. All simulations work were done on a 400 by 400 
units of 3 layer samples made of molecule type 1 and molecule type 2 (for the buried layer 
2) with total thickness of 500 units as shown in Figure 3.9.  
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Cylindrical radius/ fragmentation radius ‘r1’ is correspond to an area where intact species 
became fragmented along the cylindrical track and amount of broken and intact molecules 
sputtered inside the conical area may varies according to this value as tabulated in Table 
4.1. Simulations for this analysis were done on a multilayer sample made of 40 units for 
the first layer and the buried layer 2 was 50 units thickness. Variations of ‘r1’ didn’t 
changed the total number of material sputtered which means the ejection cone was 
sputtering the same amount of species per time step. Therefore the depth profiling data 
generates similar trend for both keV cluster and MeV projectiles and all signal from the 
data plots for buried layer 2 reach maximum value at depth ~60 units. The difference was 
in the sputtering intensity where smallest value of ‘r1’ enables higher amount of intact 
molecule that can be obtained and this gives less amount of broken molecule detected. The 
same thing was expected from MeV-SIMS Monte Carlo simulation but obviously the long 
cylindrical track promotes larger area of fragmentation and hence less amount of intact 
molecule available for sputtering.  
The depth resolution studies for variation in cylindrical radius were done on 5 multilayer 
samples with buried layer 2 of 10, 50, 100 and 150 units at fixed depth 40 units. Variations 
of ‘r1’ for keV cluster SIMS gave no effect at all to the depth and thickness resolution of 
the multilayer samples and this was because ‘r1’ only produces variation in the intensity of 
sputtered species depending on the width of the cylinder of the conical ejection model but 
the data distribution stay the same. The intact molecule from MeV SIMS were unable to 
produce good information on the samples thicknesses but managed to sputter species near 
the actual depth which was at 40 units. Broken molecule plots on the other hand were good 
and mostly fit the actual thicknesses and depth plots. 
 
Cone radius/ ejection radius ‘r2’ corresponds to an area for sputtering material which 
includes both intact and broken species. Amount of species sputtered varies according to 
this value when other parameters are made fixed as tabulated in Table 4.3 and intact species 
are measured by deducting the cylindrical area (inside the cone area) from the cone area. A 
multilayer sample of 40 units as a first layer and 60 units as the second layer of a multilayer 
model of 500 units thickness was used for this case. Data distributions in Figure 4.9 to 
Figure 4.12 showed similar trend for both keV cluster and MeV projectiles except that the 
sputtering processes start and end at different depths due to the different cone sizes used 
for simulations where bigger cone radius sputter more material per time step and this made 
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erosion of layer 2 start and finish quicker than smaller cone radius. Another thing observed 
was the existence of roughness at the trailing edge for smaller cone radius in comparison 
with the wider ejection cone due to higher amount or craters created after each 
bombardment and this leads to rougher surface condition. 
 
A depth resolution study on variation in cone radius was performed on ten series of 
multilayer samples model at fixed depth 40 units and layer 2 thicknesses from 20 to 200 in 
step of 20 units. There were not much different observed from keV cluster SIMS simulation 
of sputtered intact and fragments for ‘layer 2’ thickness measurements. The depth 
information for ‘depth from intact’ however was better with smaller cone radius and larger 
cone radius of 12 units shifted the data by about 5 units from the actual depth to the surface 
while ‘depth from fragments’ were about 6 units away from the ‘depth from intact’ data. 
Thicknesses information for fragments sputtered data from MeV-SIMS simulation were 
similar to the keV Cluster SIMS simulation but for intact species (Figure 4.15) were not 
measurable due to the excessive amount of breakage created by the long fragmentation 
depth of MeV-SIMS. Note that buried layer 2 of 60 units was seemed to provide reasonable 
thickness information and this required further investigation for comparison with MeV-
SIMS experimental for future work. Depth measurement for the intact species was 
sputtered at the actual depth for smaller cone radius of 8 units and the bigger cones were 
shifted by 5 units to the surface. This shows smaller cone gives better depth resolution but 
for depth from fragments sputtered data, it couldn’t be improved better than 37 units which 
was the same as when sputtering with cone radius of 10 units and this could be the limit of 
making smaller cone size for better resolution. 
 
Cylindrical/fragmentation depth for keV cluster SIMS is shorter compared to MeV-IMS 
where it has a very long cylindrical track. Amount of material that can be sputtered from 
the ejection cone varies according to the ejection depth ‘edep’ provided other dimensions 
are fixed. The longer the value of ejection depth the higher the probabilities of sputtering 
and the longer the fragmentation depth the higher the probabilities of the material impacted 
by this ejection cone become fragmented and created substantial roughness. A buried layer 
2 of 50 units at depth of 40 units was used for this analysis. Variation of ‘edep’ engendered 
variation in data broadening where long conical depth broadened the data broader than the 
shorter cone depth as shown in Figure 4.18 to Figure 4.21 for both intact and broken species 
of keV Cluster SIMS and MeV-SIMS Monte Carlo simulations. This showed that longer 
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cone depth with bigger cone area and higher sputtering rate broadened the data and 
obviously sputtered higher intensity for both intact and broken species  
Depth resolution studies on keV cluster SIMS and MeV-SIMS with variation in cone and 
cylindrical depth were then performed on ten series of multilayer samples model at fixed 
depth 40 units and layer 2 thicknesses from 20 to 200 in step of 20 units. Shorter ‘edep’ 
produced better thickness information for both sputtered intact and fragments data for keV 
cluster SIMS simulation and layer 2 thicker than 90 units were all measured closely to their 
actual thicknesses for all 3 types of the cone depth of  10, 15 and 20 units. The same 
scenario was seen for depth measurement with shallow ‘edep’ except layer 2 more than 50 
units thickness for cone depth=10 units created uncorrelated data and can be assumed that 
although better resolution can be achieved but there was a threshold and it cannot perform 
any better when this limit was reached. Similarly observed from simulation by MeV-SIMS 
for thickness measurement for sputtered fragments data but there was mostly no thickness 
information from sputtered intact species due to the long breakage cylinder of the MeV-
SIMS had fragmented all the material below the surface and only fragments available for 
sputtering. Depth information for sputtered intact and broken species were better with 
shorter ejection depth apart from layer 2 of more than 60 units were seen stop sputtering 
from the expected depth and again this probably due to ‘edep’ that had gone over the 
threshold value. 
Further investigation by Monte Carlo simulation was done on twenty series of multilayer 
samples model with variation in layer 2 thicknesses from 10 to 200 in step of 10 units. The 
first layer was kept fixed to 20, 40 or 60 for each set of simulation and the total thickness 
was 500 units. Cylindrical depth of 15 was used for keV cluster SIMS and 150 for MeV 
SIMS. The cylindrical radius, cone radius and cone depth were 5, 10 and 15 units 
respectively. This section aimed to look at the effect of increasing the thickness of layer 2 
of the multilayer sample while keeping the thickness of ‘layer 1’ constant. Layer 2 of more 
than 100 units produced good thickness data but anything lesser were best located close to 
the surface for better thickness information. The same occurred from MeV SIMS 
simulation and as predicted the long fragmentation track of high energy ions promotes 
large area of roughness as a result material available for sputtering were mostly broken 
species hence thickness information for sputtered intact species was unable to be resolved 
by the limited number of intact species left in the sample. Depth information for keV cluster 
SIMS simulation were good for species for material more than 130 units for all three cases 
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above (depth at 20, 40 and 60 units) and materials thinner than that were however difficult 
to measure especially when located deeper into the multilayer sample. ‘Depth from intact’ 
data for MeV-SIMS simulation layer 2 were better when located at the deepest depth of 60 
units and the ‘depth from fragments’ for layer 2 thicker than 130 units were few units off 
from the actual depth but anything thinner were broadened further away and depth 
resolutions for thin layer 2 located at depth of 20 units were better than those located at 
deeper location. 
Fixed thickness delta layer as a function of depth analysis was also performed using keV 
cluster SIMS and MeV-SIMS Monte Carlo simulation on twenty series of multilayer 
samples model with fixed thickness layer 2 of 10, 50, 100 and 150 units. Each of the layer 
2 material was moved deeper into the multilayer sample in step of 10 units from depth of 
10 units to depth of 200 units and the total thickness was 500 units. Cylindrical depth of 
15 was used for keV cluster SIMS and 150 for MeV-SIMS. The cylindrical radius, cone 
radius and cone depth were 5, 10 and 15 respectively. Thickness information for keV 
cluster SIMS simulation from sputtered intact and fragments data were bad when moving 
buried layer 2 deeper into the multilayer sample and layer 2 of 10 and 50 units were just 
not comparable with their actual thicknesses plots. MeV-SIMS simulation results for 
‘thickness from fragments’ were similar to keV Cluster SIMS but no thickness data for 
thicker buried layer 2 of 100 and 150 units for ‘thickness from intact’ while data sputtered 
from layer 2 of 10 and 50 units thicknesses were not comparable with their actual thickness 
at any depth from 10 to 200 units. Depth for sputtered intact and broken species for keV 
cluster SIMS simulation were both in good relation with each other and the best resolution 
can be observed from the thickest ‘layer2’ of 150 units although the depth resolution can 
be seen a bit off when moving layer 2 to a deeper position. Results from ‘depth from 
fragments’ for MeV-SIMS simulations were similar to keV Cluster SIMS and the depth 
resolution for sputtered intact species of layer 2 at depth of less than 120 units were seen 
closed to their actual depth but anything thicker are full of roughness with lower intensity 
and unmeasurable. 
The interaction of keV ions with insulating materials were studied experimentally by using 
SIMS analytical method. Polymer materials of poly (methyl methacrylate) PMMA of 
26nm and 29nm of poly (2-hydroxyethyl methacrylate) PHEMA were prepared using spin 
coating technique and their thicknesses were measured by ellipsometry. A bilayer of 
27.5nm PMMA on 29nm of PHEMA was also prepared. These samples were projectiled 
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by 10 keV C60
+ ions and analysed using time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) facilities in the Surface Analysis Lab of the University of Surrey. Comparison 
study with keV cluster on polymer single and bilayer films were discussed in section 6. 
Proposed fragmentations pattern were added to the sample model and the simulation 
process was explained in detail in the simulation methods section. Comparable mass 
spectrums data (in percentages) for major peaks fragmentations and reasonably fit depth 
profiling plots with experimental results were then achieved by readjusting the ejection 
cone model dimension that impacted the polymer layers. PMMA cylindrical radius that 
was used for the simulation was 3.04nm, cone radius was 4.48nm and the ejection depth 
was 2.56 nm and the depth resolution for the characteristic fragment of m/z=59 was 
11.5nm. The ejection model dimension for PHEMA (m/z=45) then was 2.7nm, 3 nm and 
2.58 nm for cylindrical radius, cone radius and ejection depth respectively and 11nm depth 
resolution was measured from the depth profiling data. Larger cone area of PMMA carried 
higher sputtering rate compared to PHEMA ejection model and the same were discovered 
from molecular depth profiling work done by Wagner (60).  
Depth profiling data from Monte Carlo simulation results obtained for polymer bilayer 
films did not fit to the experimental data and this was as expected since there was no 
‘mixing’ mechanism added to the conical ejection model and this will be explained below. 
PMMA ejection model cylindrical radius, cone radius and cylindrical depth used for this 
simulation were 3.52nm, 4.8nm and 3.84nm respectively. The radii were about the same 
as the single layer but since the data was broaden to 16.2nm so the cone depth required for 
sputtering was extended by 1.28nm to 3.84nm. Ejection model of 2.56nm cone radius and 
2.18 cylindrical radius for PHEMA were then required for the attempt to sputter a closely 
match bilayer depth profiling data with the experimental and the ejection depth of 12.8nm 
was needed for the simulation mainly due to the inter layer mixing that occurred in the 
early stage of the depth profiling process.  
Mixing is a process that normally occurs among species in a sample of material after ions 
bombardment and the effect of mixing in this study was explored by adding a region of 
mixing around the Monte Carlo ejection model as illustrated in Figure 3.8. The bigger the 
mixing area the higher the probabilities of the species material mixed. Mixing propagates 
the impacted species further from their actual position (without mixing position) and leads 
to a broaden data plot with degrades depth and thickness resolution. The intensity for keV 
cluster SIMS broken molecules decreased with mixing and also effectively brings 
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unbroken molecules up from below and allowed them to sputter more intact species 
without experiencing the damaging effect of the beam. 
Mixing mechanism was not added to the polymer bilayer films simulation because further 
expansion is needed to complete the Monte Carlo ejection model and with the improved 
model the surface roughness that occurred due to surface topography after ions 
bombardment can be reduced. At the moment the conical ejection model leaves the surface 
full of topography development as shown in Figure 3.11. With the improved ejection model 
the surface roughness can be reduced because the materials under bombardment are 
allowed to come to rest in a hemispherical instead of conical shaped as shown in Figure 
7.1. After each projectile the species coloured in purple in the hemispherical region are not 
sputtered but they will fill in the cone space coloured in orange.  As a result the improved 
Monte Carlo ejection model created craters that are similar to MD simulation process as 
discussed in the introduction section. Another thing that is required in the model is an 
ionisation efficiency. Each molecule type has a different probability of coming off ionized 
(and hence detected) and this depends upon the local environment that it finds itself in and 
it is very unlikely that all of the fragments have the same ionisation probability. Additional 
investigations are needed in order to include this in the ejection model. 
Studies on polymer films can be extended by adding more materials/layers to the model 
and investigations on how to relate them and different type of primary ions, energies and 
doses with experimental to provide useful tool for interpreting SIMS spectra. The effect of 
mixing, layer order on polymer sputter rates and interface width between adjacent polymer 
materials can also be explored. One of the most interesting part to look at for future work 
is to compare the improved Monte Carlo ejection model simulation on polymer films with 
both keV cluster SIMS and the new ambient MeV-SIMS facilities at the Ion Beam Centre 
of University of Surrey. 
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Figure 7.1 Illustration of surface topography created after the conical ejection model 
impacts on the multilayer sample surface. 
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